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Introduction 

We  have  proposed  to  construct  indicator  prostate  cancer  (CaP)  cell 
lines  that  could  be  used  to  identify  novel  drugs  that  could  inhibit 
parameters  of  oncogenic  and  metastatic  growth.  The  cell  lines  are  based  on 
the  stable  expression  of  the  promoter  from  the  SSeCKS/gravin/AKAP12 
metastasis-suppressor  fused  to  a  green  fluorescent  protein  (GFP)  reporter, 
plus  a  control  reporter  plasmid.  In  a  high  throughput  screen  (HTS) , 
compounds  that  induce  GFP  expression  but  have  no  major  effect  on  the 
control  reporter  would  be  identified  for  further  analysis  as  potential 
inhibitors  of  CaP  progression.  A  second  major  aim  of  our  study  is  to  use 
the  SSeCKS/gravin/AKAP12a  promoter  to  characterize  the  signaling  pathways 
as  well  as  the  cis-  and  trans- acting  mechanisms  leading  to  transcriptional 
downregulation  in  CaP  cells.  This  analysis  included  a  determination 
whether  CaP-specific  gene  silencing  involves  hypermethylation  of  CpG 
islands  in  the  SSeCKS  promoters  or  changes  in  chromatin  acetylation. 

Body 

Production  and  testing  of  SSeCKS-promoter/CaP  indicator  lines.  Our 
first  task  (based  on  Task  1  in  the  Statement  of  Work)  was  to  produce  CaP 
lines  stably  expressing  the  human  SSeCKS/gravina  promoter-GFP,  plus  a 
control  reporter  (described  in  Task  1  in  the  Statement  of  Work)  .  The 
promoter  was  cloned  into  the  pEGFP  vector  and  in  transient  expression 
assays,  this  construct  was  shown  to  express  high  levels  of  green 
fluorescence  in  untransformed  cells  (murine  NIH3T3  and  human  P69SV40T 
prostate  epithelial)  yet  low  GFP  levels  in  LNCaP  and  C4-2  CaP  cells. 
Instead  of  the  originally  intended  control  reporter  (SEAP) ,  we  chose  to  use 
an  RFP  (red  fluorescent  protein)  reporter  (Clontech)  that  we  fused  to  the 
TK  promoter  (Fig.  1)  .  In  transient  assays,  almost  equal  RFP  expression 
levels  were  detected  in  all  untransformed  and  CaP  cell  lines  (data  not 
shown)  .  We  then  stably  transfected  P69,  LNCaP  and  C4-2  cells  with  both 
plasmids,  selected  for  neoR  colonies,  and  then  FACS  sorted  pooled  colonies 
for  the  desired  phenotype:  C4-2  and  LNCaP  cells  were  selected  for  low  GFP, 
high  RFP;  P69  cell  were  selected  for  high  GFP  and  RFP.  5  individual  clones 
from  each  were  expanded. 

In  order  to  fulfill  the  requirements  of  Task  4  (characterization  of 
signaling  pathways  and  transcription  factors  involved  in  SSeCKS 
transcriptional  silencing  in  CaP  cells) ,  we  then  tested  a  panel  of  signal 
transduction  inhibitors,  differentiating  agents  and  transcriptional 
deregulators  for  their  ability  to  re-induced  GFP  and  endogenous  SSeCKS 
expression  in  the  CaP  cells  while  having  minimal  effect  on  RFP  expression 
in  either  the  CaP  or  P69  cells.  Prior  to  this  analysis,  we  first  developed 
probes  to  detect  changes  in  the  levels  of  endogenous  human  SSeCKSa  and  (3 
mRNA  and  protein  isoforms.  These  included  isoform-specific  PCR  primer  sets 
(Fig.  2;  was  Fig.  3  in  the  2005  update  report),  and  from  previous  studies, 
polyclonal  antibodies  (Ab)  that  detected  both  a  and  (3  protein  isoforms  (3) 
as  well  as  an  Ab  that  detected  only  the  a  isoform  (2) . 

Although  data  from  other  groups  had  shown  cases  where  SSeCKS 
expression  was  suppressed  by  either  promoter  hypermethylation  (1)  or 
histone  deacetylation  (4),  our  data  indicated  that  treatment  of  CaP  cells 
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with  methylation  inhibitors  (5-aza-C  or  deoxy-5-aza-C)  had  no  effect  on 
transcript  levels  where  the  histone  deacetylase  inhibitor,  TSA,  derepressed 
SSeCKS  transcript  levels  roughly  6-  to  10-fold  (although,  still 
significantly  lower  than  untreated  P69  cell  levels) .  We  then  tested  a  panel 
of  pathway  inhibitory  drugs  to  help  define  which  pathways  are  responsible 
for  SSeCKS  downregulation  in  CaP  and  v-Src  cells. 

Interestingly,  endogenous  SSeCKS  expression  was  induced  by  TSA  and  by 
inhibitors  of  p38,  PI3K  (Fig.  3),  Src  or  MEK  (not  shown),  but  only  in  the 
absence  of  serum.  Given  the  previous  finding  that  SSeCKS  transcription  is 
serum-responsive  (5)  ,  our  current  data  suggest  that  serum  increases  the 
background  signal  of  SSeCKS  mRNA,  i.e.-  masks  the  derepressive  effects  of 
the  inhibitors.  In  contrast,  the  exogenous  SSeCKS/GFP  was  not  induced  by 
inhibitors  of  Src,  MEK,  p38,  PI3K,  or  by  TSA,  as  shown  by  FACS  analysis  for 
GFP  expression  (Fig.  4)  .  However,  the  differentiating  agents,  atRA  acid 
(Fig.  4)  or  calcitriol  (not  shown),  did  induce  GFP  expression.  These  FACS- 
based  experiments  were  performed  in  the  presence  of  serum.  Indeed,  Fig.  5 
shows  that  TSA  failed  to  induce  endogenous  SSeCKS  expression  in  other  human 
CaP  lines  grown  in  the  presence  of  serum.  Therefore,  we  are  performing 
these  same  experiments  in  the  absence  of  serum  to  determine  if  these 
inhibitory/differentiation  compounds  have  greater  derepressive  effects  on 
the  exogenous  promoter.  One  confounding  result  was  that  exogenous  SSeCKS 
promoter  expression  (GFP)  could  be  induced  only  2.5-  to  3-fold  by  treatment 
for  three  days  with  either  TSA  or  atRA  in  the  C4-2  clones.  We  tried  to 
increase  this  level  with  either  single  pathways  inhibitory  drugs,  such  as 
the  Src  inhibitors,  SKI-606  (not  shown)  or  KX2-391  (Fig.  4),  the  MEK 
inhibitor,  U0126,  or  the  PI3K  inhibitor,  LY294002,  or  with  combinations  of 
these  drugs  with  TSA,  atRA  and  5-deoxy-azaC .  However,  in  FACS  analyses, 
none  of  these  drug  combinations  increased  expression  from  the  exogenous 
SSeCKS  promoter  sufficiently  (Fig.  4);  performing  these  experiments  in  the 
absence  of  serum  had  little  effect  (not  shown) .  Thus,  these  cells  would 
not  be  good  candidates  in  a  HTS  for  novel  drugs  since  1.5-fold  increases  by 
novel  compounds  would  not  be  statistically  significant. 

More  recently,  we  produced  DU145  reporter  cells  with  the  aSSeCKS 
promoter/GFP  construct  described  above.  Unfortunately,  these  cells  showed 
similar  problems,  namely  that  exogenous  SSeCKS  levels  could  not  be  induced 
more  than  3-fold  with  TSA  in  the  absence  of  serum,  thereby  making  them  poor 
candidates  for  HTS. 

Continuing  with  Task  4  experiments,  we  addressed  whether  the 
endogenous  human  or  mouse  SSeCKS  promoters  could  be  induced  by  either 
synthetic  testosterone  (R1881)  or  by  hypoxic  conditions  (C0CI2)  .  Fig.  6 
shows  that  human  SSeCKS  can  be  induced  by  R1881,  especially  in  the  absence 
of  serum,  in  keeping  with  previous  data  that  it  is  an  androgen-inducible 
gene  (6)  .  Fig.  6  also  shows  that  in  the  absence  of  serum,  SSeCKS  is  not 
induced  under  hypoxic  conditions  in  both  LNCaP  NIH3T3  cells.  This  finding 
is  in  keeping  with  previous  data  showing  that  SSeCKS  expression  is  not 
altered  by  hypoxia  but  is  induced  by  the  transition  from  hypoxia  to 
normoxia  ( 7 ) . 

In  response  to  Task  3  of  the  Statement  of  Work,  we  analyzed  the  cis- 
and  trans-acting  factors  that  control  SSeCKS  promoter  expression  in  CaP  and 
3T3/v-Src  cells.  We  reasoned  that  common,  if  not  overlapping  control 
mechanisms  and  factors  would  be  involved  between  the  Src-  and  CaP-mediated 
SSeCKS  downregulation.  We  previously  identified  minimal  promoter  fragment 
of  -106  to  +35  as  encoding  the  CaP-  and  Src-responsive  sequences  in 
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transient  transfection,  luciferase-reporter  assays.  Using  EMSA  and  ChIP 
assays,  we  previously  showed  that  this  promoter  fragment  encodes  an 
upstream  E-box  that  binds  USF1  and  a  downstream  GC-box  that  binds  both  Spl 
and  Sp3 .  Interestingly,  even  though  both  boxes  are  required  for  the  CaP- 
and  v-Src-associated  SSeCKS  downregulation,  binding  to  the  downstream 
Spl/Sp3  box  is  increased  roughly  4-fold  in  the  transformed  cells  relative 
to  the  untransformed  cell  nuclear  lysates. 

Our  data  indicate  that  downregulation  of  SSeCKS  in  Src-transf ormed 
fibroblasts  and  in  human  CaP  cells  is  mediated  by  the  increased  binding  of 
Spl/Sp3  to  the  GC-box  of  the  SSeCKS  promoter  which  then  recruits  histone 
deacetylases  (HDAC)  such  as  HDAC1,  thereby  converting  what  is  an  activation 
complex  into  a  repression  complex.  Fig.  7  shows  Src-transf ormed  cells  have 
relatively  increased  nuclear  levels  of  Spl  and  Sp3  (~3-4  fold),  and  Fig.  9 
shows  that  v-Src  induces  levels  of  nuclear  HDAC1,  but  not  HDAC2  or  3, 
roughly  3-fold.  Indeed,  two  studies  show  that  HDAC1  levels  are  increased 
in  human  prostate  cancer  (8; 9)  although  a  third  study  indicates  no 
difference  between  normal  and  malignant  epithelial  cells  (10)  . 

In  keeping  with  the  increased  binding  of  Spl  and  Sp3  to  the  GC-box 
(EMSA  assay)  as  shown  in  first  update,  we  used  chromatin 
immunoprecipitation  (ChIP)  analysis  to  show  a  similar  increase  in  the 
association  between  Spl/Sp3  and  the  endogenous  SSeCKS  promoters  (Fig.  10) . 
Interestingly,  v-Src  induced  the  enrichment  of  Spl,  but  not  Sp3,  on  the  a 
promoter,  whereas  it  induced  the  enrichment  of  Sp3,  but  not  Spl,  on  the  (3 
promoter.  The  finding  that  TSA  induces  the  re-expression  of  SSeCKS  in  CaP 
and  Src-transf ormed  cells  implies  that  the  suppression  of  the  SSeCKS 
promoters  involves  increased  recruitment  of  HDAC  isoforms.  Indeed,  ChIP 
analysis  shows  that  Src  suppresses  the  association  of  acetylated  histone-3 
and  -4  (markers  of  activated  or  "open"  chromatin")  on  the  a  SSeCKS 
promoter,  and  that  TSA  induces  their  re-association  (Fig.  8)  .  The  fact 
that  neither  Src  nor  TSA  affects  the  association  of  Ac-H3  or  -H4  with  the  (3 
SSeCKS  promoter  suggests  some  sort  of  coordinated  control  directed  by  the  a 
promoter,  as  has  been  suggested  for  the  serum-response  elements  (5)  .  We 
have  had  difficulty  in  showing  increased  binding  of  HDAC1  to  the  SSeCKS 
promoters  by  ChIP  assay,  likely  due  to  the  problems  with  the  existing 
antibodies,  and  so  we  will  attempt  to  show  increased  HDAC1  binding  in  the 
cancer  cells  by  oligonucleotide  pulldown  using  the  SSeCKS  GC-box  domain. 
We  also  are  attempting  to  knockdown  HDAC1  (or  HDAC2  or  3  as  controls)  by 
shRNA  in  order  to  show  that  the  loss  of  HDAC1  in  the  cancer  cells  results 
in  increased  SSeCKS  mRNA  levels. 

We  used  functional  transient  expression  assays  to  show  that  Spl  and 
Sp3  alone  are  inherent  activators  of  the  SSeCKS  promoter,  but  when 
expressed  with  HDAC1,  they  become  repressors.  Specifically,  3T3  or  3T3/v- 
Src  cells  transfected  with  increasing  amounts  of  Spl  or  Sp3  expressor 
plasmids  resulted  increased  luciferase  reporter  expression  (Fig.  11)  .  Note 
that  this  activity  in  Sp3  required  SUMOylation.  Fig.  12  shows  that 
transfection  of  increasing  levels  of  an  HDACl-expressing  plasmid  alone 
causes  the  downregulation  of  the  minimal  a  SSeCKS  promoter  activity,  but 
roughly  3-fold  more  so  in  Src  vs.  3T3  cells.  Fig.  13  shows  that  co¬ 
expression  of  increasing  HDAC1  plus  either  Spl  or  Sp3  resulted  in  the 
severe  downregulation  of  the  a  SSeCKS  promoter  in  both  3T3  and  3T3/v-Src 
cells.  Knockdown  of  HDAC1  using  siRNA  (Fig.  14)  resulted  in  increased 
endogenous  transcript  levels  of  both  a  and  (3  SSeCKS  isoforms.  We  also 
showed  that  HDAC1  binds  to  the  aSSeCKS  proximal  promoter  in  v-Src- 
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transformed  cells  using  an  oligonucleotide-pulldown  assay  (Fig.  15). 
Lastly,  using  this  assay,  we  pulled  down  nuclear  proteins  from  P69  and  C4-2 
cells  (Fig.  16),  and  then  subjected  the  novel  bound  protein  bands  to  MALDI- 
TOF  analysis.  Most  interestingly,  we  identified  TFII-I  as  a  novel  binding 
factor  to  the  aSSeCKS  proximal  promoter.  Indeed,  TFII-I  expression  is 
known  to  be  induced  by  activated  Src  (11)  and  responsible  for  the 
downregulation  of  potential  tumor  suppressor  genes  in  breast  cancer  (12) . 

An  interesting  finding  coming  from  our  now  published  work  on  SSeCKS 
promoter  activity  in  v-Src-transf ormed  cells  (13)  is  that  TSA  seems  to  only 
change  the  chromatin  structure  of  the  a  but  not  the  |3  promoter,  yet  both 
promoters  are  suppressed  by  v-Src.  Moreover,  in  our  hands,  the  exogenous  (3 
promoter  could  not  be  downregulated  by  activated  Src  in  transient 
expression  assays,  though  the  a  promoter  could.  These  findings  suggest 
that  the  (3  promoter  is  controlled  distally  via  Src-mediated 
chromatinization  changes  >30Kb  upstream  in  the  a.  promoter.  This  finding 
seems  to  be  novel  in  the  cancer  field  in  general  and  suggests  that  newer 
generation  of  HDAC  inhibitors  in  clinical  trials  (e.g.-  SAHA)  may  exert 
their  anti-cancer  effects  through  the  "correction"  in  gene  expression  by 
more  long  distance  changes  in  chromatin  structure. 

In  sum,  we  have  completed  Tasks  1,  3  and  4.  We  have  produced 
potentially  usable  indicator  CaP  cell  lines  required  for  Task  2,  but 
induction  of  significant  levels  of  GFP  in  these  cells  by  inhibitors  of  what 
should  be  major  oncogenic  pathways  has  not  been  forthcoming.  The  fact  that 
differentiation  agents  such  as  TSA  or  at-retinoic  acid  induce  GFP 
expression  in  these  lines  leads  us  to  believe  we  are  on  the  correct  track. 
However,  reproducing  the  reporter  construct  in  DU145  cells  failed  to  show 
any  greater  inducibility  than  in  the  C4-2  cells.  We  deem  that  these  cell 
lines  are  not  suitable  for  HTS  screening  given  that  the  maximal  induction 
with  relatively  broad  inhibitors  was  not  more  than  3-fold. 

Key  Research  Accomplishments 

-construction  of  SSeCKSa-GFP  and  TK-RFP  reporter  plasmids,  promoter  probes 
and  primer  sets  to  monitor  isoform-specific  and  total  SSeCKS  transcript 
levels  in  human  and  mouse  cells. 

-production  of  indicator  CaP  and  P69  cell  lines  containing  the  SSeCKS  and 
TK  reporter  plasmids . 

-development  of  PCR  and  Ab-based  reagents  to  detect  SSeCKS  mRNA  and  protein 
expression  changes. 

-demonstration  that  SSeCKS/gravin/AKAP12  derepression  in  CaP  cells  can  be 
induced  by  TSA  but  not  by  5-aza-C  or  5-deoxy-aza-C . 

-demonstration  that  of  the  roughly  15-fold  decrease  in  SSeCKS  transcript 
levels  in  CaP  vs.  normal  cells,  2-fold  is  controlled  by  decreases  in 
transcript  stability  whereas  the  remaining  portion  is  controlled  by  a  6-  to 
8-fold  decrease  in  promoter  activity  levels. 

-demonstration  that  the  minimal  CaP-  and  Src-responsive  portion  of  the 
SSeCKS  promoter  is  encoded  between  -106  and  +35. 

-identification  of  requirements  for  both  upstream  E-  and  downstream  GC-box 
motifs  for  downregulation. 

-demonstration  that  the  E-box  is  occupied  by  USF1  (and  not,  for  example, 
Myc)  and  that  the  GC-box  is  occupied  by  a  combination  of  Spl  and  Sp3  (and 
not,  MAZ) . 
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-demonstration  that  the  level  of  USFl  does  not  vary  in  CaP  vs.  normal 
cells,  but  that  there  is  a  relative  4-fold  increase  in  Sp3:Spl  in  the 
transformed  cells. 

-ChIP  assays  to  show  in  vivo  association  of  SPl,  Sp3  and  USF  with  the 
SSeCKS  promoters . 

-functional  assays  showing  that  the  SSeCKS  promoters  are  downregulated  by 
the  recruitment  of  HDAC1  by  Spl/Sp3  in  v-Src-transf ormed  cells, 
-demonstration  that  HDAC1  levels  are  increased  in  Src-transf ormed  and  in 
CaP  cells. 

-demonstration  that  the  siRNA  knockdown  of  HDAC1  is  sufficient  to  derepress 
SSeCKS  transcript  levels. 

-demonstrate  increased  HDAC1  binding  levels  on  the  SSeCKS  alpha  proximal 
promoter  in  cells. 

-identify  TfII-I  by  mass  spectrometry  as  an  induced  protein  with  enhanced 
binding  activity  to  the  SSeCKS  alpha  proximal  promoter  in  CaP  cells, 
-development  of  first-generation  C4-2  and  DU145  indicator/reporter  cell 
lines  with  SSeCKS-GFP  and  showing  inducible  expression  after  TSA  or  at- 
retinoic  acid  treatment. 

-publication  of  data  on  the  Src-responsive  SSeCKS  promoter  sequences  and 
the  trans-acting  factors  involved  in  SSeCKS  downregulation  (13)  (see 
Appendix  for  PDF) ;  preparation  of  a  second  manuscript  regarding  the  human 
promoter  sequences  and  trans-acting  factors  involved  in  SSeCKS 
downregulation  in  CaP  cells. 

Reportable  Outcomes 

-Poster  report,  2005  Oncogene  Meeting,  Frederick,  MD,  "Mapping  of  v-Src- 
and  prostate  cancer-responsive  control  sequences  to  the  SSeCKS  proximal 
promoter",  Bu,  Y.  and  Gelman,  I.H.,  6/21-24/2005. 

-Poster  report,  2006  Annual  Meeting,  American  Assoc,  of  Cancer  Research, 
Washington,  DC,  "Identification  of  v-Src-  and  prostate  cancer-responsive 
sequences  in  the  promoters  of  SSeCKS/Gravin/AKAP12 ,  a  metastasis-suppressor 
gene",  Bu,  Y.  and  Gelman,  I.H.,  4/1-5/2006. 

-Development  of  CaP  indicator  cell  lines  and  probes  for  SSeCKS  isoform 
expression . 

Personnel  Involved 

-Yahao  Bu,  Ph.D.-  graduate  student  (completed  the  work  associated  with  this 
grant  as  part  of  his  thesis  research,  which  he  defended  in  July  2007) . 

-Irwin  H  Gelman,  Ph.D.,  PI 

Conclusions 

We  have  successfully  characterized  the  pathways,  mechanisms,  promoter 
sequences  and  transcription  factors  involved  in  the  downregulation  of 
SSeCKS  promoters  in  Src-transf ormed  and  prostate  cancer  cells.  Novel 
mechanisms  for  this  downregulation  were  described,  including  the 
possibility  that  the  |3  promoter  is  controlled  by  the  cancer-specific 
regulation  of  chromatin  structure  at  the  a  promoter  more  than  Kb  upstream. 
We  have  also  uncovered  preliminary  data  that  the  recruitment  of  HDAC1  to  a 
Spl/Sp3/USF1  complex  on  the  SSeCKS  proximal  promoter  may  also  recruit  TFII- 
I  in  order  to  potentiate  the  transcriptional  suppression  of  SSeCKS.  These 
data  strengthen  the  notion  that  the  suppression  of  prostate  cancer  by 
treatment  with  new  generation  HDAC  inhibitors  such  as  SAHA  might  work 
through  the  derepression  of  SSeCKS.  Although  we  were  able  to  produce  C4-2 
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and  DU145  reporter  lines  based  on  the  SSeCKS  promoter,  these  lines  did  not 
show  sufficient  inducibility  of  the  exogenous  promoters  to  make  them  useful 
in  HTS  protocols,  and  thus,  we  did  not  endeavor  to  start  any  drug  screens. 
However,  we  will  continue  to  attempt  to  optimize  these  reporter  cells 
(i.e.-  second  generation)  using  data  we  derived  on  the  molecular 
characterization  of  the  SSeCKS  promoters  as  well  as  on  the  identification 
of  the  trans-acting  factors  involved  in  transcriptional  downregulation  in 
CaP  cells. 
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tcaagtgt tgaagacagcac ttgt tagaaggaacaagt tcacttc-tgagagcccttctcaaagagttta 
tcaagtgttgaagacagcacttgttagaaggaacaagttcacttc- taagagccct  tctcaaagagt  t ta 

ttaaatgctaaagat - agttcgctt  tgtgacaaccct  t  tgcaaaaggcctg 

ctaaatgctgaagac - agt  tcgc  t t  tgtgacaaccctttgcaaaaggcctg 

tcgagcgttggagac - gtag - agttagcttt  -  gcagcccccttctcgcagactgga 


ggaaacagcac  tac tga - gagttgccagtcttcagagcagtgcaacgtgtgtgtatgcgtaagacaca 

ggaaacagcactac tga - gagttgccagtcctcagagcagtgcaacgtgtgtgtatgcgtaagacaca 

gg - atcgcaga - gagttgtgggtctt  t - acgc  tgaccggagtgtaggaaacg 

ggaaaccggaccgcaga - gagttgtgggtcttt - acgctggccagcatgtaggaaacg 

agaaacgggacaactgacatcagttgccagccctcgggtgcgtgcagctcgtgtgtgtcc - agca 


gatggtgaaaatatcaaatgctacagatgccaagaaggga - ggtgttg-gcaccacaccaacctt taa 

gatggtgaaaatatcaaa tgctacagatgccaagaaggga - ggtgtt t  tgcaccacaccaacctttaa 

gttggca - acatactatgggc t  ttaaaaaggaaat -gccgct t tgcacc tcatccacct t  taa 

gttgtta -acatatagaataccatgggctttaaaaaggaaatgcctgtt t  tgcacctcatccacctttaa 
gatggggaaattgcacaatactccaggtgcgaaaaagcagac-cgcgttttgcacctcatcagccttgac 


acaaacataaggatgcagaatgcagtctttaaaatgga - gggagaatttact-gtctgt 

acaaacataaggatgcagaatgcagtctt  taaaatgga - gggagaatttact-gtctgt 

a - aatg — gcgt  taaaaat - cggagaa  tttaat-atctgt 

gtcaactgaaggacacagaacccggcgttaaaaaaat - cgaaaaatttaat  -atctgt 

acaagc — aaggatacagaacgcggtatt taaaaaaaaaaaaaaaaaagtaggagagtgtagtcctctgt 


gtggctatttccttgaaatgacttaaaaag-ctgagatacagaagtattagtaaatcggtgccaggaatg 
gtggctatt tccttgaaatgacttaaaaag-ctgagatacagaagtattagtaaatcggtgccaggaatg 

gcagttattgcctttacataattt  taaaag  1 1  tgaga  t gcaggag - tcggtgccagggatg 

gcagt taatgcct ttacatagttttaaaagtt tgcaatgcaggag - tcagtgccaggaa tg 

gccgttattggctttaagtcatgctacgag-ctgagacacaaaaa - gcacgtcggcgccaggaatg 


aagtaaccgtttagatccaatgcgccggctccagcatcgaactcatgcccagcaccctttaa-ac — cct 
aagtaactgtttagatccaatgcgccggctccagcatcgaactcatgcccagcaccctttaa-ac — cct 
aagtcaccgct tggatcaaatat tgatgc t -cggggtctggctcac-cccag-agacttaaa-actttct 
aaatcaccgcttggatcaaatattgatgct-cgcggtctgcctcac-cccag-agacttaaagacttcct 
aagtaacggttcagataaaacgctgctgac - tccggg ttattcggcgcaac 1 1  tcac-ac — cct 


cccgggactctgca  —  gaacc-cgctgaccactcacagagcccagctcgggggagg - get 

cccgggactctgca  —  gaacc-cgc  tgaccactcacagagcccagctcgggggagg - get 

cctgggtcgcgaca - gaccaggcacagagaccagccctg - 

cctgggtcgctaca - gaccaggcacagagaccagcc  ttg - 

ccgcggtgtctgtgcggagcc tcgctgacggtgcacggggaccagc tccggggaggggggcgcccctgct 


ttaaggtgaag^ 
t  taaggtgaagi 
-  taaaatggggi 
- taaaatagggi 
t  taagg-gaag< 


- ccccctgcttgtgcggcccgggcggggaagtttgcgctcccgaagtcct 

- ccccctgcttgtgcagcccgggcggggatgtttgcgctcccaaagtcct 

- ette - cccgggtggtgcag - ccaagtcc  - 

actgccccccggtggtgcagccaagtccggacaga - 

- ccctc tg - 


GC-box 


GC- 


ggagctcagcaagggaggggccagcgccagcccgcgtgt gggtggc tggg tgggggcgt gggtgggggtc 
ggagctcagcaagggaggggccagcgccagcccgcgtgt gggtggc tggg tgggggcgt  gggtgggggtc 

- ggacagaggtgtgggctggctggc - tg t  gggegg  — ggcctacggcgt gggcgggg — c 

- gg  t g  t ggge  t ggc  t age - 1 g  t  ggg  t  gg - g  t  cc  tggggcg  t  gggcggga etc 

- gcgggccggggcgc ggggggc -gg ggcggggcgc  gggcgggg - c 

**  **  *  *  I  A  A  A - A— A - A -  ****1aAA - AAA -  A 

TATA  _ 

cctataattatctggggaaatgcatccgcgctc t  gc 1 1 1  tcgc tgeggeage tccgagggcacc tee 
cctataattatc tggggaaatgcatccgcgctccgcttttcgctgcggcagctccgagggcacctcc 
agagaagcgcttctccagtgcgcat - tgctgcacctccaggg - ct 


cctataattagc tggagaagege  t  tcaccagcg  cccag 


:  tgcgaggt gcgt cccgc tee c 


t  tc  t  - 


-  tgctgcacctctaggg - ca 

-ggccgaggctccgcaggcac — ct 


L> 


Sequence  alignment  of  SSeCKS  a  promoter  regions  in  various  mammalian  species  showing  strong 
sequence  conservation  (*),  especially  in  the  retention  and  spacing  of  the  E-  and  GC-box  motifs  just 
proximal  to  the  transcriptional  start  site  (red). 
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Supporting  Data 


Figure  1.  Production  of  indicator 
cells  lines  using  the  human  a 
SSeCKS/ Gravin/AKAP12  promoter. 


DMSO  5’aza  TSA  TSA+5’aza 

i - 1  i - 1  i - 1  i - 1 

P69  DU145  P69  DU145  P69  DU145  P69  DU145 

SSeCKS 
a+p 


Figure  2.  Semi-quantitative  RT-PCR 
of  SSeCKS  (either  the  combined  a/ (3, 
or  a  or  (3  transcripts,  versus  actin 
as  a  control)  showing  that  TSA,  but 
not  5-azaC,  derepresses  SSeCKS 
expression  in  DU145  cells. 


Gnavin  (a+p) 


5~aza 

5-aza  TSA  +JSA  p3B  Akt 


Figure  3.  Semi-quantitative  RT-PCR 
of  SSeCKS/Gravin  a/p  from  C4-2  cells 
showing  that  TSA,  the  p38  and  PI3K 
inhibitors,  but  not  5-azaC, 
derepresses  SSeCKS  expression  only 
in  the  absence  of  serum. 
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C42  indicator  cells  (+serum),  drug  treatment  for  68  hours 
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Figure  4 

FACS 

cytometry 

analysis 

of  GFP  expression 

induced  in 

the  C4- 

2  [SSeCKS/ GFP]  cells 

line  by 

signaling 

various 

inhibitors 

or 

differentiation 

agents . 

+PI3K  inhibitor  +p38  inhibitor 


8- 
■*—  . 


FL1-H 

+Retinoid  acid 


+Retinoid  acid/5‘-aza/TSA 


+Retinoid  acid/p38 
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5-aza  TSA  -  5-aza  TSA 
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Figure  5.  Semi-quantitative  RT-PCR 
of  SSeCKS/Gravin  a/p  (vs.  actin 
control)  from  CaP  cells  grown  in  the 
presence  of  serum,  showing  no  SSeCKS 
derepression  by  TSA  or  5-aza-C. 
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-  Serum 


+  Serum 
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(48  h) 
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Act  in 
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(30  h) 
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Figure  6.  Semi-quantitative  RT-PCR 
of  SSeCKS/Gravin  a/(3  (vs.  actin 
control)  from  LNCaP  or  NIH3T3  cells 
treated  with  either  synthetic 
testosterone  (R1881)  or  CoCl2  (to 
induce  hypoxic  conditions) . 


Figure  7.  Immunoblotting  of  3T3  or 
3T3/v-Src  nuclear  or  total  cellular 
lysates  for  SSeCKS,  Spl,  Sp3  and 
actin.  Note  the  increased  relative 
nuclear  levels  of  Spl  and  Sp3  in 
Src-transf ormed  cells. 


Input  Ac-H4  AcH3  IgG 


Figure  8.  Chromatin  immuno- 
precipitation  of  3T3  or  3T3/v-Src 
nuclear  lysates  for  acetylated 
histone  3  or  4  (vs.  IgG  control) 
followed  by  PCR  amplification  for 
either  a  or  (3  SSeCKS.  Note  that  Src 
suppresses  the  association  of  the 
Ac-histones  with  a  but  not  (3  SSeCKS, 
and  that  TSA  induces  a  re¬ 
association,  implying  that  Src 
induces  association  of  HDAC  with  the 
a  promoter. 
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Figure  9.  Immunoblotting  of  3T3  or 
3T3/v-Src  nuclear  or  total  cellular 
lysates  for  SSeCKS,  HDAC1 ,  2,  3,  or 
GADPH .  Note  the  increased  relative 
nuclear  levels  HDAC1  in  Src- 
transformed  cells. 


USF1 


GAPDH 


Input  USF1  Spl 

3T3  Src  3T3  Src  3T3  Src 


Sp3  IgG 

3T3  Src  3T3  Src 


Figure  10.  ChIP  assay  showing  increased  binding 
of  Spl  to  the  a  promoter  and  increased  Sp3 
binding  to  the  |3  promoter  in  3T3/Src  cells. 


15 


Figure  11.  Transient  transfection  of 
3T3  or  3T3/v-Src  cells  with  the 
minimal  aSSeCKS  promoter/lucif erase 
along  with  increasing  amounts  of  Spl 
(top)  or  Sp3  (middle)  expression 
plasmid,  or  Sp3  +  a  SUMO-expression 
plasmid  (bottom) . 


Figure  12.  Similar  experiment  as  in 
Fig.  10  except  that  the  cells  were 
transfected  with  increasing  levels 
of  an  HDACl-expressing  plasmid. 
Note  that  HDAC1  induces  greater 
relative  suppression  of  the  SSeCKS 
promoter  in  the  Src  cells. 
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Figure  13.  Similar  experiment  as  in 
Fig.  10  except  that  the  cells  were 
transfected  with  constant  levels  of 
either  Spl-  or  Sp3-expressing 
plasmids  plus  increasing  levels  of 
an  HDACl-expressing  plasmid. 


Figure 

14. 

HDACl  siRNA  ( 

"siHDACl" ) 

treatment  of 

NIH3T3/v-Src  cells  reduces 

HDACl 

protein 

levels,  compared 

to  GAPDH 

(top  panel)  , 

and  derepresses 

endogenous 

SSeCKS 

transcript  levels. 
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Figure  15.  Enrichment  of  HDAC1  binding  to  the  proximal  aSSeCKS  promoter. 
Nuclear  lysates  from  NIH3T3  and  NIH3T3/v-Src  cells  were  incubated  with  double- 
stranded  biotin-labeled  oligonucleotides  representing  the  WT  or  mutated  ("mut") 
aSSeCKS  promoter  region  from  -85  to  -47.  The  DNA/protein  complexes  were  then 
bound  to  streptavidin  beads,  washed  and  then  probed  by  IB  for  HDAC1  or  USF1 . 


Figure  16.  Binding  of  TFII-I  to  the  proximal  aSSeCKS 
promoter  in  CaP.  Using  the  oligonucleotide-pulldown  assay 
described  in  Fig.  15  (with  WT  -85/-47),  proteins  that  bind  to 
the  proximal  aSSeCKS  promoter  were  isolated  from  nuclear 
lysates  from  P69  and  C4-2  cells.  The  bands  shown  as 
rectangles  were  excised  after  staining  of  the  proteins  in  the 
gel  and  then  subjected  to  MALDI-TOF  after  complete  trypsin 
digestion.  This  analysis  identified  the  band  in  C4-2  cells  as 
being  TFII-I. 
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SSeCKS  (Src-suppressed  C  kinase  substrate),  also  called 
gravin/AKAP12,  is  a  large  scaffolding  protein  with  metastasis 
suppressor  activity.  Two  major  isoforms  of  SSeCKS  are 
expressed  in  most  cell  and  tissue  types  under  the  control  of  two 
independent  promoters,  designated  a  and  j8,  separated  by  68  kb. 
SSeCKS  transcript  and  protein  levels  are  severely  decreased  in 
Src-  and  Ras-transformed  fibroblasts  and  in  many  epithelial 
tumors.  By  dissecting  its  promoters  with  progressive  deletion 
analysis,  we  identified  the  sequence  between  —106  and  —49  in 
the  a  proximal  promoter  as  the  minimal  v-Src-responsive  ele¬ 
ment,  which  contains  E-  and  GC-boxes  bound  by  USF1  and  Spl/ 
Sp3,  respectively.  Both  E-  and  GC-boxes  are  crucial  for  v-Src- 
responsive  and  basal  promoter  activities.  v-Src  does  not  alter 
USF1  binding  levels  at  the  E-box,  but  it  increases  Spl/Sp3  bind¬ 
ing  to  the  GC-box  despite  no  change  in  their  cellular  protein 
abundance.  SSeCKS  a  and  j3  transcript  levels  in  v-Src/3T3  cells 
can  be  restored  by  treatment  with  the  histone  deacetylase  inhib¬ 
itor,  trichostatin  A,  but  not  with  the  DNA  demethylation  agent, 
5-azacytidine.  Chromatin  changes  are  found  only  on  the  a  pro¬ 
moter  even  though  the  j3  proximal  promoter  contains  a  similar 
E-  and  GC-box  arrangement.  Recruitment  of  HDAC1  is  neces¬ 
sary  and  sufficient  to  cause  repression  of  a  proximal  promoter 
activity,  and  the  addition  of  Spl  and/or  Sp3  potentiates  the 
repression.  Our  data  suggest  that  suppression  of  the  j3  promoter 
is  facilitated  by  Src-induced  changes  in  the  a  promoter  chroma- 
tinization  mediated  by  a  USF1-Spl-Sp3  complex. 


SSeCKS  (Src-suppressed  C  kinase  substrate)  was  originally 
identified  in  a  screen  for  genes  severely  down-regulated  by 
\-Src  (1),  and  then  characterized  as  a  major  in  vitro  and  in  vivo 
substrate  of  protein  kinase  C  (2).  SSeCKS  is  the  rodent  ortho- 
logue  of  human  gravin,  a  kinase  scaffold  protein  originally  dis¬ 
covered  as  an  autoantigen  in  some  myasthenia  gravis  patients 
(3,  4).  Based  on  their  ability  to  bind  protein  kinase  A  RII  iso¬ 
forms  (3),  SSeCKS  and  gravin  have  been  re-designated  AKAP12 
(A  kinase  anchoring  protein  12).  In  addition  to  protein  kinase  A 
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and  protein  kinase  C,  SSeCKS  also  binds  with  calmodulin, 
cyclin  Dl,  /3-adrenergic  receptor,  j3-l,4  galactosyltransferase, 
and  F-actin  (5).  With  its  ability  to  scaffold  key  signaling  and 
cytoskeletal  proteins,  SSeCKS  plays  important  roles  in  regulat¬ 
ing  Gx  — >  S  phase  transition  and  cytoskeletal  organization  (6, 7). 
Additionally,  several  lines  of  evidence  suggest  that  SSeCKS/ 
gravin/ AKAP12  (heretofore  called  “SSeCKS”)  functions  as  a 
suppressor  of  tumorigenesis  and  metastasis.  The  expression  of 
SSeCKS  is  down-regulated  by  several  oncogenes  and  in  various 
human  epithelial  tumors,  including  prostate,  breast,  ovarian, 
gastric,  and  lung  (8-13).  The  locus  of  human  GRAVIN  gene  in 
chromosome  6q24-25.2  is  a  deletion  hotspot  in  advanced 
prostate,  breast,  and  ovarian  cancers  (8, 14).  Moreover,  SSeCKS 
re-expression  in  Src-transformed  fibroblasts  can  reverse  Src- 
induced  oncogenic  growth  by  reducing  anchorage-independ¬ 
ent  proliferation  and  inhibiting  metastatic  invasiveness 
through  the  suppression  of  podosome  formation,  most  likely 
via  the  reestablishment  of  normal  cytoskeletal  architecture  and 
the  suppression  of  Rho  family  GTPase  activity  (15,  16).  The 
re-expression  of  SSeCKS  in  rat  Mat-LyLu  prostate  cancer  cells 
slightly  reduces  the  growth  rate  of  primary  subcutaneous 
tumors  in  nude  mice  but  greatly  suppresses  the  formation  of 
lung  metastases  by  decreasing  angiogenesis  through  the  inhibi¬ 
tion  of  expression  of  pro-angiogenic  factors  such  as  vascular 
endothelial  growth  factor  (17).  The  SSeCKS  gene  locus  in 
human  and  rodents  encodes  three  major  transcripts  under  the 
control  of  three  independent  promoters,  designated  a,  /3,  and  y, 
that  are  separated  by  84  kb  (5, 18).  Two  major  protein  isoforms 
of  SSeCKS,  a  and  j3,  are  expressed  ubiquitously  in  most  cell  and 
tissue  types  (5),  whereas  the  expression  of  isoform  y  is  testes- 
restricted  (19,  20).  All  proteins  encoded  by  each  transcript 
share  >95%  amino  acid  sequence  identity  encoded  by  a  single 
large  exon  but  differ  only  at  their  extreme  N-terminal  residues. 
For  example,  only  the  a  isoform  encodes  a  product  that  is  myr- 
istoylated  (2),  and  this  modification  facilitates  a  SSeCKS  asso¬ 
ciation  with  plasma  membranes  and  vesicles  of  the  endoplas¬ 
mic  reticulum  (7,  18,  21),  yet  it  is  not  sufficient  for  its  plasma 
membrane  targeting  (22). 

The  mechanism  by  which  SSeCKS  is  down-regulated  in 
tumor  cells  has  not  been  studied.  The  fact  that  SSeCKS  is  down- 
regulated  by  some  oncogenes  (Src,  Ras,  Myc,  and  Jun)  but  not  by 
others  (Raf,  Mos ,  or  Neu)  suggests  that  this  is  not  a  generic 
effect  in  transformed  cells  but  rather  is  controlled  by  specific 
mitogenic  and  oncogenic  pathways  (5).  Given  that  down-regu¬ 
lation  of  SSeCKS  is  not  a  bystander  effect  during  oncogenic 
transformation,  understanding  the  molecular  mechanism 
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involved  in  SSeCKS  gene  silencing  in  the  course  of  tumorigen- 
esis  will  contribute  to  control  tumor  progression  by  means  to 
reactivate  SSeCKS  expression. 

In  this  study,  we  dissect  the  cis-  and  £rans-factors  responsible 
for  the  v-Src-induced  repression  of  ssecks  promoters.  We  find 
that  the  minimal  v-Src-responsive  element  (VSRE)2 *  requires 
both  E-  and  GC-boxes  in  the  SSeCKS  a  proximal  promoter 
(  —  106  to  —49),  which  are  bound  by  the  transcription  factors 
USF1  and  Spl/3,  respectively.  Our  data  indicate  that  v-Src-me- 
diated  transcriptional  repression  correlates  with  increased 
complex  formation  between  USF1  and  Spl/3,  increased  bind- 
ing  activity  of  Spl/3  to  the  a  SSeCKS  VSRE,  and  the  recruit¬ 
ment  of  HD  AC  1.  Moreover,  although  the  mouse  and  human  a 
and  j3  promoters  share  E-  and  GC-boxes  in  their  proximal  pro¬ 
moter,  our  data  suggest  that  suppression  of  the  (3  promoter  is 
facilitated  by  chromatin  structure  change  in  the  a  promoter  68 
kb  upstream. 

EXPERIMENTAL  PROCEDURES 

Cell  Culture— NIH3T3  mouse  fibroblasts  were  maintained  in 
Dulbecco’s  modified  Eagle’s  medium  containing  10%  bovine 
serum.  v-Src-transformed  NIH3T3  cells  (v-«Src/3T3)  were  gen¬ 
erated  by  retrovirus-mediated  transduction.  Briefly,  pBabe-v- 
Src/pmo  DNA  was  transfected  into  the  293GPG  packaging  cell 
line  (23)  using  Lipofectamine  2000  (Invitrogen).  Virus  was  har¬ 
vested  72  h  after  transfection  and  used  to  infect  NIH3T3  cells 
(104/well  in  12-well  dishes)  for  4  h.  Cells  were  maintained  in 
selection  medium  containing  2  pg/ml  puromycin  (Sigma).  Sin¬ 
gle  colonies  with  transformed  cell  morphology  were  picked  and 
expanded,  and  then  the  expression  of  oncogenic  v-Src  was  ver¬ 
ified  by  Western  blot  with  anti-v-Src  (avian)  mAb  EC10,  anti- 
Src[poY416]  (BIOSOURCE),  and  anti-phosphotyrosine  mAb- 
4G10  (Upstate,  Charlottesville,  VA)  antibodies.  v-Src/3 T3  cells 
were  maintained  in  Dulbecco’s  modified  Eagle’s  medium  sup¬ 
plemented  with  10%  bovine  serum  and  2  jutg/ml  puromycin. 

Immunofluorescence  Staining — NIH3T3  or  v-Src/3 T3  cells 
grown  to  60%  confluence  on  22-mm  coverslips  were  fixed  with 
4%  paraformaldehyde  in  PBS  for  10  min  and  permeabilized 
with  0.1%  Triton  X-100  in  PBS  for  another  10  min.  After  rinsing 
with  PBS,  cells  were  stained  with  rhodamine-conjugated  phal- 
loidin  and  4',6-diamidino-2-phenylindole  (1:500  dilution) 
(Invitrogen)  for  1  h  at  room  temperature.  After  three  PBS 
washes,  coverslips  were  mounted  on  glass  slides  in  ProLong 
antifade  reagent  (Invitrogen).  Fluorescent  images  were  cap¬ 
tured  using  a  Nikon  TE2000-E  inverted  microscope  (Garden 
City,  NY). 

Primer  Extension  Analysis— Total  RNA  from  NIH3T3  cells 
was  extracted  using  TRIzol  (Invitrogen)  following  the  manufac¬ 
turer’s  instructions.  A  32P-end-labeled  antisense  primer  (for 


2  The  abbreviations  used  are:  VSRE,  v-Src-responsive  element;  5-aza-C,  5-aza- 
cytidine;  Ac-H3/H4,  acetylated  histone  H3/H4;  AKAP,  A  kinase  anchoring 
protein;  ChIP,  chromatin  immunoprecipitation;  EMSA,  electrophoretic 
mobility  shift  assay;  ERK,  extracellular  signal-regulated  kinase;  HDAC,  his¬ 

tone  deacetylase;  TSA,  trichostatin  A;  TSS,  transcription  start  site;  VSR, 

v-Src- responsive;  Ab,  antibody;  mAb,  monoclonal  antibody;  PBS,  phos¬ 
phate-buffered  saline;  PMSF,  phenylmethylsulfonyl  fluoride;  DTT,  dithio- 
threitol;  HA,  hemagglutinin;  RT,  reverse  transcription;  GAPDH,  glyceralde- 
hyde-3-phosphate  dehydrogenase;  siRNA,  small  interfering  RNA;  WT,  wild 
type;  TK,  thymidine  kinase. 


SSeCKS  a,  5 '  - AGG AG ATGTGCGCCCAGG ACCACAGG-3 ' ; 
for  SSeCKS  ]3,  5'-CCTTCTCCTCTGTCTACTCCCGGCTA- 
ACC-3')  corresponding  to  +66/  +  91  or  +72/  + 101  relative  to 
the  transcriptional  start  site  of  SSeCKS  a  or  )3,  respectively,  was 
hybridized  at  58  °C  overnight  with  50  pig  of  total  RNA  (previ¬ 
ously  denatured  for  3  min  at  90  °C).  The  annealed  primer  was 
extended  with  Superscript  II  reverse  transcriptase  (Invitrogen) 
at  42  °C  for  1  h.  The  sizes  of  the  extension  products  were 
determined  by  electrophoresis  on  8%  denaturing  polyacryl¬ 
amide  gel  containing  7  M  urea.  A  10-bp  32P-labeled  ladder 
and  sequencing  reaction  performed  with  the  same  primer 
on  a  genomic  clone  was  used  as  a  reference.  The  gel  was 
dried,  and  the  radioactive  signals  were  identified  by  phos¬ 
phorimaging  (Storm-860,  GE  Healthcare). 

Reporter  Constructs— The  SSeCKS  a  promoter  sequence 
(— 4920/  +  36)  and  j3  promoter  sequence  (—4758/  + 119)  were 
amplified  from  the  BAC  clone  (RP1 1-27244)  using  the  Triple- 
Master  long  run  PCR  system  (Eppendorf,  Westbury,  NY)  and 
then  ligated  into  pCR-XL-TOPO  vector  (Invitrogen).  The 
Mlul/Xhol  fragments  from  these  plasmids  were  subcloned  into 
the  luciferase  reporter  vector  pGL3-Basic  (Promega,  Madison 
WI)  cut  with  Mlul/Xhol.  Progressive  deletion  mutants  of 
SSeCKS  promoter-luciferase  constructs  were  created  by 
inverse  PCR  with  promoter-specific,  Mlul-flanked  primers 
(Table  1),  using  the  ~5-kb  SSeCKS  promoter/luciferase  con¬ 
structs  as  templates,  followed  by  self-ligation.  All  constructs 
were  validated  by  DNA  sequencing. 

Promoter/reporter  constructs  with  mutations  in  the  E-box 
and/or  GC-box  were  generated  using  the  QuikChange  site-di¬ 
rected  mutagenesis  kit  (Stratagene,  Cedar  Creek,  TX)  accord¬ 
ing  to  manufacturer’s  instructions,  using  the  —106/ +36  a 
SSeCKS  reporter  construct  as  template.  Nucleotide  changes  are 
indicated  in  italics  for  each  primer  (Table  1).  All  reporter  muta¬ 
tions  were  confirmed  by  DNA  sequencing. 

For  the  SSeCKS-TK  heterologous  promoter  constructs,  a 
minimal  TI<  promoter  sequence  was  amplified  from  pRL-TK 
(Promega)  with  Xhol-  or  Hindlll-flanked  primers  (Table  1). 
The  PCR  products  were  digested  with  Xhol/Hindlll  and  cloned 
into  pGL3-Basic  vector  cut  with  Xhol/Hindlll  to  create  the 
TI<m-pGL3B  luciferase  reporter  plasmid.  The  wild  type 
SSeCKS  a  proximal  promoter  sequence  between  —106  and 
—49  and  proximal  promoters  containing  mutated  E-Box 
and/or  GC-Box  were  amplified  with  the  Kpnl-  or  Xhol-flanked 
primers  (Table  1),  digested  with  Kpnl  and  Xhol,  and  inserted 
into  TKm-pGL3B  plasmid  cut  with  KpnI/XhoI. 

Reverse  Transcription  (RT)-PCR-T otsl  RNA  was  isolated 
from  NIH3T3  and  v-Src/3T3  cells  with  or  without  treatment  of 
fresh  5-azacytidine  (5-aza-C)  (500  nM  for  72  h)  and/or  trichos¬ 
tatin  A  (TSA)  (330  nM  for  24  h)  (Sigma)  using  TRIzol  (Invitro¬ 
gen).  1  pg  of  total  RNA  was  subjected  to  reverse  transcription 
using  Superscript  first-strand  synthesis  system  kit  (Invitrogen) 
according  to  manufacturer’s  instructions.  PCR  was  then  per¬ 
formed  using  MJ  Research  PTC-200  DNA  thermal  cycler 
(Watertown,  MA)  with  the  optimized  cycle  numbers  for  each 
primer  set  (Table  1).  The  PCR  products  were  separated  by  elec¬ 
trophoresis  through  a  1.5%  agarose  gel  and  digitally  imaged 
using  a  Chemi-Genius2  Bio-Imager  (Syngene,  Frederick,  MD). 
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rnRNA  Stability  Analysis— NIH3T3  and  v-«Src/3T3  cells  (2  X 
105)  seeded  in  35-cm  dishes  were  harvested  at  2,  4,  8,  16,  and 
24  h  after  addition  of  actinomycin  D  (5  pg/ml)  (Sigma).  Total 
cellular  RNA  was  extracted,  and  RT-PCR  was  performed  as 
described  above.  Because  the  endogenous  SSeCKS  rnRNA  lev¬ 
els  are  suppressed  in  v-«Src/3T3  cells,  the  PCR  cycle  numbers  for 
SSeCKS  a  were  30  for  NIH3T3  cells  and  38  for  v-Src/3T3  cells; 
for  SSeCKS  /3  were  29  for  NIH3T3  cells  and  34  for  v-Src/3T3 
cells;  and  for  the  shared  n/j3  sequence  were  28  for  NIH3T3  cells 
and  32  for  v-Srd 3T3  cells. 

Western  Blot  Analysis — Whole  cell  lysates  were  prepared  in 
RIPA  buffer  (50  mM  Tris-HCl,  pH  7.4,  150  mM  NaCl,  1  mM 
EDTA,  1%  Triton  X-100, 0.1%  SDS,  0.5%  sodium  deoxycholate) 
with  freshly  added  inhibitors  (1  mM  phenylmethylsulfonyl 
fluoride  (PMSF),  10  mM  NaF,  1  mM  Na3V04)  and  protease 
inhibitor  mixture  (Roche  Applied  Science).  The  protein  con¬ 
centration  was  determined  by  the  Bradford  protein  assay  (Bio- 
Rad).  Proteins  were  separated  on  10%  SDS -polyacrylamide  gels 
and  transferred  onto  polyvinylidene  difluoride  membranes 
(PerkinElmer  Life  Sciences).  The  membranes  were  blocked 
with  5%  nonfat  milk  in  TBST  (150  mM  NaCl,  100  mM  Tris-HCl, 
pH  7.4,  0.1%  Tween  20),  or  with  5%  bovine  serum  albumin  in 
TBST  for  phosphoprotein  blots.  The  following  primary  anti¬ 
bodies  were  used  as  indicated:  anti-SSeCKS  (2),  anti-v-Src  mAh 
EC10  (gift  of  Sarah  Parsons,  University  of  Virginia),  anti- 
Src[poY416]  (BIOSOURCE),  anti-phosphotyrosine  mAb-4G10 
(Upstate),  anti-FLAG  and  anti-actin  clone  AC40  (Sigma),  anti- 
GAPDH,  anti-lamin  A/C,  anti-USFl,  anti-Spl,  anti-Sp3,  anti- 
HDAC1,  anti-HD AC2,  anti-HDAC3,  anti-PIASl,  and  anti-HA 
tag  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA).  After  washing 
and  incubating  with  horseradish  peroxidase-labeled  anti-rabbit 
or  -mouse  IgG  secondary  antibodies,  the  blots  were  washed, 
incubated  with  Lumi-Light  chemiluminescence  reagent  (Roche 
Applied  Science),  and  digitally  imaged  using  a  Chemi-Genius2 
Bio-Imager. 

Transient  Transfection  and  Luciferase  Assay — All  transfec¬ 
tions  were  performed  using  Lipofectamine  2000  (Invitrogen) 
according  to  the  manufacturers  instructions.  For  reporter 
assays,  cells  were  seeded  in  24-well  plates  at  a  density  of  3  X  104 
cells/well  24  h  prior  to  transfection.  Each  transfection  was  per¬ 
formed  in  triplicate  with  0.2  pig  of  promoter/reporter  con¬ 
structs  along  with  0.1  pig  oiRenilla  luciferase  reporter  pRL-TK 
(Promega),  used  to  normalize  for  transfection  efficiency.  Cells 
were  harvested  48  h  after  transfection  and  lysed,  and  luciferase 
activities  were  measured  using  the  dual  luciferase  assay  kits 
(Promega).  For  overexpression  experiments,  a  set  amount  of 
the  SSeCKS  a  proximal  promoter-reporter  construct  (  —  106/ 
+  36)  was  transfected  in  combination  with  various  expression 
plasmids  as  indicated.  The  total  amount  of  DNA  transfected 
was  normalized  using  the  appropriate  empty  vectors.  Data  pre¬ 
sented  are  representative  of  at  least  three  independent  experi¬ 
ments.  The  Spl  expression  vector  (pFLAG-Spl-HA)  was  a  gen¬ 
erous  gift  from  Dr.  Adrian  Black  (Roswell  Park  Cancer 
Institute).  Expression  vectors  of  pCMV-Sp3  and  pN3-PIASl, 
encoding  a  SUMO  ligase,  were  kind  gifts  from  Professor  Gun- 
tram  Suske  (Institute  fur  Molekularbiologie  and  Tumorfors- 
chung,  Marburg,  Germany).  The  expression  vector  for  HA 
tagged  SUMO-1  cDNA  (HA-Senl)  was  a  gift  kindly  provided  by 


Dr.  Edward  T.  H.  Yeh  (University  of  Texas  M.  D.  Anderson 
Cancer  Center,  Houston,  TX).  The  HA- tagged  HDAC1  expres¬ 
sion  plasmid  (pCMV-2N3T-HDACl)  was  a  generous  gift  from 
Dr.  Didier  Trouche  (Universite  Paul  Sabatier,  France). 

Preparation  of  Nuclear  Extracts— Nuclear  extracts  were  pre¬ 
pared  essentially  as  described  previously  (24)  with  minor  mod¬ 
ifications.  Briefly,  cells  growing  in  10-cm  dishes  (80  -90%  con¬ 
fluence)  were  washed  twice  with  cold  PBS  and  scraped  into  1.5 
ml  of  PBS.  Cells  were  collected  by  centrifuging  at  2,000  rpm  for 
2  min  and  then  resuspending  in  1  ml  of  ice-cold  buffer  A  (10  mM 
HEPES,  pH  7.9, 10  mM  KC1, 1.5  mM  MgCl2, 1  mM  dithiothreitol 
(DTT),  0.1%  Nonidet  P-40,  1  mM  PMSF,  and  Roche  Applied 
Science  protease  inhibitor  mixture).  After  incubating  on  ice  for 
20  min,  the  cells  were  homogenized  with  a  glass  Dounce  (type 
A)  by  applying  30  strokes.  Nuclei  were  collected  by  centrifuga¬ 
tion  at  4,000  rpm  for  15  min  at  4  °C.  The  pellets  were  resus¬ 
pended  in  200  pi  of  buffer  C  (20  mM  HEPES  pH  7.9,  420  mM 
NaCl,  1.5  mM  MgCl2,  0.2  mM  EDTA,  25%  glycerol,  1  mM  DTT, 
1  mM  PMSF,  and  Roche  Applied  Science  protease  inhibitor 
mixture)  and  incubated  on  ice  for  30  min  with  occasional  agi¬ 
tation.  The  nuclear  extract  was  centrifuged  at  13,000  rpm  for  20 
min  at  4  °C,  and  the  supernatant  was  stored  in  aliquots  at 
—  80  °C.  Protein  concentrations  of  nuclear  extracts  were  deter¬ 
mined  using  the  Bradford  protein  assay  (Bio-Rad). 

Electrophoretic  Mobility  Shift  Assay  (EMSA) — All  DNA  oli¬ 
gonucleotides  used  for  EMSA  were  synthesized  by  Integrated 
DNA  Technologies  (Coralville,  IA).  Oligonucleotides  were 
annealed,  end-labeled  with  [y-32P]ATP  by  T4  polynucleotide 
kinase,  and  purified  by  passage  through  Sephadex  G-50  micro¬ 
columns  (Amersham  Biosciences).  For  each  reaction,  5  pg  of 
nuclear  extract  was  preincubated  with  1.5  pg  of  poly(dl-dC) 
(Sigma)  for  20  min  on  ice  in  10  pi  of  binding  buffer  (10  mM 
HEPES,  pH  7.9,  5  mM  KC1,  50  mM  NaCl,  1  mM  MgCl2,  0.5  mM 
EDTA,  0.5  mM  DTT,  0.5  mM  PMSF,  10%  glycerol).  0.2  ng  of 
32P-labeled  double-stranded  oligonucleotides  (—20,000  cpm) 
was  added  to  the  10- pi  reaction  mixtures  and  incubated  for  30 
min  at  room  temperature,  and  then  electrophoresed  on  4% 
nondenaturing  polyacrylamide  gels  in  0.5  X  Tris  borate/EDTA 
buffer  run  at  4  °C.  The  gels  were  sandwiched  with  Whatman 
3M  paper,  dried,  and  then  autoradiographed  overnight  with 
an  intensifying  screen.  In  competition  or  supershift  assays, 
molar  excess  amounts  of  unlabeled  DNA  probe  or  2  pg  of 
antibody  were  added  to  the  preincubation  mixtures  20  min 
or  1  h,  respectively,  prior  to  the  addition  of  32P-labeled  DNA 
oligonucleotides. 

DNA  Affinity  Precipitation  Assay— Nuclear  extracts  (100  pg) 
from  NIH3T3  or  v-<Src/3T3  cells  were  incubated  at  room  tem¬ 
perature  for  15  min  with  0.5  nmol  of  5 '-biotinylated  double- 
stranded  oligonucleotides  (Integrated  DNA  Technologies), 
which  were  previously  conjugated  to  streptavidin- agarose 
beads  (Sigma),  in  300  pi  of  low  salt  lysis  buffer  (1%  Triton 
X-100,  0.1%  sodium  deoxycholate,  0.05  M  Tris-HCl,  pH  8.1,  5 
mM  EDTA,  pH  8.0)  containing  1  mM  PMSF  and  Roche  Applied 
Science  protease  inhibitor  mixture.  The  beads  were  then 
washed  six  times  with  low  salt  lysis  buffer  containing  150  mM 
NaCl  and  boiled  in  1 X  electrophoresis  sample  buffer  to  elute 
the  bound  proteins  before  running  on  an  SDS-polyacrylamide 
gel.  The  separated  proteins  were  transferred  to  polyvinylidene 
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FIGURE  1 .  SSeCKS  transcript  and  protein  levels  are  severely  down-regulated  by  v-Src.  A,  schematic  dia¬ 
gram  of  mouse  SSeCKS  gene  structure.  Exons  1 A1  and  1 A2  encode  a  1 03-amino  acid  myristoylated  N-terminal 
domain  of  the  a  SSeCKS  isoform  driven  by  the  a  promoter,  whereas  exonl  B  encodes  an  8-amino  acid  nonmyr- 
istoylated  domain  of  the  j8  isoform  driven  by  the  (3  promoter.  Both  are  fused  to  a  common  exon2  sequence 
encoding  roughly  1500  additional  amino  acids.  B,  phase-contrast  images  of  NIH3T3  and  v-5rc/3T3  cells  at 
confluence  [upper panel)  and  immunofluorescence  staining  of  F-actin  with  rhodamine-conjugated  phalloidin 
and  of  nuclei  with  4',6-diamidino-2-phenylindole  [lower panel).  C,  cell  lysates  prepared  from  NIH3T3  and  v-Src/ 
3T3  cells  were  immunoblotted  with  antibodies  specific  for  avian  Src  (mAb-ECIO),  SrcpoY416,  total  phosphoty- 
rosine,  SSeCKS,  or  actin  (as  a  loading  control).  Both  short  and  long  exposures  are  presented  to  show  that  both 
SSeCKS  isoforms  are  present  in  v-Src/3T3  lysates.  D,  steady-state  SSeCKS  mRNA  levels  in  NIH3T3  and  v-Src/3T3 
cells  were  determined  by  semi-quantitative  RT-PCR  using  isoform-specific  or  common  a/(3  primers.  Actin- 
specific  primers  were  used  as  a  control. 


NIH3T3  v-SrcMT3 


difluoride  membrane  and  immunoblotted  with  antibodies 
against  HDAC1  and  USF1  (Santa  Cruz  Biotechnology). 

Chromatin  Immunoprecipitation  (ChIP) — ChIP  assays  were 
performed  following  the  protocol  outlined  by  the  manufacturer 
(Upstate)  with  minor  modifications.  Briefly,  NIH3T3  and 
v-Src/3 T3  cells  growing  in  10-cm  dishes  (80  -90%  confluence) 
were  fixed  in  culture  medium  with  formaldehyde  (final  concen¬ 
tration  of  1%)  for  10  min  at  37  °C.  After  washing  twice  with  cold 
PBS,  cells  were  collected  by  centrifuging  at  2,000  rpm  for  2  min, 
resuspended  in  0.8  ml  of  SDS  lysis  buffer  (1%  SDS,  10  mM 
EDTA,  50  mM  Tris-HCl,  pH  8.1)  containing  1  mM  PMSF  and 
Roche  Applied  Science  protease  inhibitor  mixture,  and  incu¬ 
bated  for  20  min  on  ice.  DNA  was  sheared  into  —200  -1000-bp 
fragments  by  five  20-s  sonications,  followed  by  centrifugation 
for  10  min  at  13,000  rpm  at  4  °C  to  remove  debris.  Supernatant 
fractions  were  diluted  5-fold  in  ChIP  dilution  buffer  (0.01% 
SDS,  1.1%  Triton  X-100, 1.2  mM  EDTA,  16.7  mM  Tris-HCl,  pH 
8.1,  167  mM  NaCl)  containing  1  mM  PMSF  and  Roche  Applied 
Science  protease  inhibitor  mixture.  Each  chromatin  fraction 
(1.2  ml  per  immunoprecipitation)  was  precleared  with  60  pi  of 
salmon  sperm  DNA-protein  A-agarose  beads  (Upstate)  for  1  h 
at  4  °C  and  then  incubated  at  4  °C  overnight  with  5  pg  of  the 
following  antibodies  as  indicated:  anti-USFl,  anti-Spl,  anti- 
Sp3,  and  normal  rabbit  IgG  (Santa  Cruz  Biotechnology),  anti¬ 
acetyl-histone  H4  and  anti-acetyl-histone  H3  (Upstate). 
Immune  complexes  were  isolated  by  binding  to  40  pi  of  salmon 
sperm  DNA-protein  A-agarose  beads  for  1  h  at  4  °C,  and  by 
washing  sequentially  with  low  salt  buffer  (50  mM  Tris-HCl,  pH 


8.0,  0.1%  SDS,  0.5%  sodium  deoxy- 
cholate,  1%  Nonidet  P-40,  1  mM 
EDTA,  150  mM  NaCl),  high  salt 
buffer  (50  mM  Tris-HCl,  pH  8.0, 
0.1%  SDS,  0.5%  sodium  deoxy- 
cholate,  1%  Nonidet  P-40,  1  mM 
EDTA,  500  mM  NaCl),  LiCl  buffer 
(50  mM  Tris-HCl,  pH  8.0,  0.1%  SDS, 
0.5%  sodium  deoxycholate,  1% 
Nonidet  P-40, 1  mM  EDTA,  250  mM 
LiCl),  and  then  twice  with  TE  buffer 
(10  mM  Tris-HCl,  pH  8.0,  1  mM 
EDTA).  DNA-protein  complexes 
were  eluted  twice  with  250  pi  of 
1%  SDS  and  0.1  m  NaHCOs  and 
incubated  at  65  °C  for  4  h  to 
reverse  the  cross-linking.  Proteins 
were  digested  with  proteinase  I<, 
and  DNA  was  recovered  by  phe¬ 
nol/chloroform  extraction  and 
ethanol  precipitation  with  20  pg  of 
glycogen  as  carrier.  Primers  for 
PCR  amplification  of  SSeCKS  a 
proximal  promoter  sequence  be¬ 
tween  —  270  and  +33  were  5'-TGC- 
TGCTCCTGAACCTTCTG-3'  and 
5'-GATCCTGCTGAGAACAC- 
ACC-3'.  SSeCKS  /3  proximal  pro¬ 
moter  sequence  between  —248  and 
+43  were  5+GTGCCAGGGATG- 
AAGTCACC-3'  and  5 '  -GAG CAT C AAGG AAGCT CT CC-3 ' . 
PCR  products  were  resolved  on  2%  agarose  gels  and  stained 
with  ethidium  bromide,  and  the  images  were  digitized  with  a 
Chemi-Genius2  Bio-Imager. 

siRNA  Experiments— ON -TARGET  plus  SMART  pool  siRNA 
specific  for  murine  HDAC1  was  purchased  from  Dharmacon 
(Lafayette,  CO).  v-Src/3 T3  cells  plated  in  6-well  plates  (1  X  105 
cells/well)  were  transfected  with  200  nM  siRNA-HDACl  using 
Lipofectamine  2000  (Invitrogen)  following  the  manufacturer's 
instructions.  After  72  h,  cells  were  harvested  for  Western  blot 
analysis  and  semi-quantitative  RT-PCR. 

RESULTS 

SSeCKS  mRNA  and  Protein  Levels  Are  Severely  Down-regu¬ 
lated  in  v-Src-transformed  NIH3T3  Cells — The  mouse  ssecks 
gene  locus  encodes  two  major  transcript  isoforms,  a  and  f3  (the 
testes-specific  isoform  y  was  not  studied  here),  under  the  con¬ 
trol  of  two  independent  promoters.  As  shown  in  Fig.  L4,  exon 
1A1  and  exon  1A2  encode  a  103-amino  acid  myristoylated 
N-terminal  domain  driven  by  the  TATA-less  a  promoter. 
ExonlB  encodes  an  8-amino  acid  nonmyristoylated  domain 
driven  by  the  TATA-containing  j3  promoter.  Both  are  fused  to 
the  common  exon  2  encoding  the  remaining  1494  amino  acids, 
and  exon  3,  which  contains  the  3 '-untranslated  region.  The  a 
and  j3  promoters  are  separated  by  68  kb.  Compared  with 
untransformed  NIH3T3  cells,  NIH3T3  cells  transduced  with 
the  v-Src  oncogene  (v-Src/ 3T3)  are  refractile,  deficient  in  con¬ 
tact-inhibited  growth,  and  lack  F-actin  stress  fibers  (Fig.  LB). 


26728  JOURNAL  OF  BIOLOGICAL  CHEMISTRY 


VOLUME  282-NUMBER  37-SEPTEMBER  14, 2007 


Downloaded  from  www.jbc.org  at  ROSWELL  PARK  CANCER  INST  on  October  19,  2007 


The  Journal  of  Biological  Chemistry 


Down-regulation  ofSSeCKS  by  v-Src 


TABLE  1 

PCR  primers 


SSeCKS  a  promoter 

—4920/ +36 

—  3239/+36 
-2677/ +36 
— 1455/+36 
-636/ +  36 
-270/ +  36 
-106/ +  36 

—  89/+36 
-67/ +36 
— 43/+36 
-26/ +36 

SSeCKS  /3  promoter 

— 4758/  +  119 
-2482/ +  119 

—  551/  +  119 
— 157/+119 
-24+119 
+  16/+119 

SSeCKS  a  —106/ +  36  mutagenesis® 
MutE-box 
MutGC-box 

SSeCKS-TK  heterologous  promoter*7 

Minimal  TI< 

SSeCKS  —106/— 49 

RT-PCR 

SSeCKS  a 
SSeCKS  j8 
SSeCKS  a+j8 
/3-Actin 

MS  Sequenomc 

SSeCKS  a _ 

a  Mutated  nucleotides  are  indicated  in  italics. 
b  Restriction  enzyme  sites  are  underlined. 
c  primers  used  after  bisulfite  treatment. 


Forward  primer 


Reverse  primer 


GACAAGTTCAGCCTGCTCTTCC 

CCGACGCGTATGCATTAGAAGAGGGCGT 

CCGACGCGTTTCGAGACAGGGTTTCTCTG 

CCGACGCGCGTGCTAGCCTGAACTAGATTGTG 

CCGACGCGTCCCGGGGAAAGAGGGCGGCG 

CCGACGCGTTGCTGCTCCTGAACCTTCTG 

CCGACGCGTTGCTCATGTGATGAAGGGAG 

CCGACGCGTGAGGGAAAACAAGGAGGG 

CCGACGCGTAGAGGCTACGAGGTGGCTT 

CCGACGCGTTTTTTTTTTTCTTTTAAGG 

CCGACGCGTAGGAGTTGCCACGTAGCG 


TGTGCACATTACGCATGGAGG 

CCGACGCGTTGGGAGAGACTCATGTAGCC 

CCGACGCGTCCACGAAAAGTAGAGAGACC 

CCGACGCGTAGACCAGGCACAGAGACCAG 

CCGACGCGTAGCCAGAGAAGCGCTTCTCC 

CCGACGCGTCCAGGGCTGGAGAGCTTCCTTG 


CTTACGCCGCGTTGTTCAAATGATGAAGG 
GAAAAACAAG  TAGG  TGGCAGGAGGCTACG 


CCGATGCTCGAGCAGCGTCTTGTCATTGGCGA 
T C GAT AGGTACC GAGC T C T T AC GC 


AAGAATGGTCAGCTGTCTGC 

AGGAGAAGGAGACTTCCTGC 

TAATGGAAGTGGCCAGATGTC 

TTCTTTGCAGCTCCTTCGTTGCCG 


TAATTAAGTGGAGGAAGAAAATAGATAGGT 


C AC  GATCCTGCT G AG AAC AC 

TGCATAGCTTGAGTATTCTAACGC 

TGCATAGCTTGAGTATTCTAACGC 

TGCATAGCTTGAGTATTCTAACGC 

TGCATAGCTTGAGTATTCTAACGC 

TGCATAGCTTGAGTATTCTAACGC 

TGCATAGCTTGAGTATTCTAACGC 

TGCATAGCTTGAGTATTCTAACGC 

TGCATAGCTTGAGTATTCTAACGC 

TGCATAGCTTGAGTATTCTAACGC 

TGCATAGCTTGAGTATTCTAACGC 


CTCTTACGGCAGGAAGTCTCC 

TGCATAGCTTGAGTATTCTAACGC 

TGCATAGCTTGAGTATTCTAACGC 

TGCATAGCTTGAGTATTCTAACGC 

TGCATAGCTTGAGTATTCTAACGC 

TGCATAGCTTGAGTATTCTAACGC 


CCTTCATCATTTGAACAACGCGGCGTAAG 

CGTAGCCTCCTGCCACCTACTTGTTTTTC 


GGATAAAGCTTTTAAGCGGGTCGCTGCAGG 

CCGATGCTCGAGAGCCACCTCGTAGCCTCC 


TGACAGTGAGTAGCTGGACG 

TGACAGTGAGTAGCTGGACG 

TGCAATCTGCTTTGTCTTGG 

TGGATGGCTACGTACATGGCTGGG 


AAAAAT T  C AAAAAC AAC AAAAAAAA 


Western  blot  analysis  showed  avian  v-Src  protein  was  specifi¬ 
cally  expressed  in  v-Src/3T3  cells  (using  mAb-ECIO),  resulting 
in  dramatic  increases  in  Src  autophosphorylation  (poY416)  and 
total  cellular  tyrosine  phosphorylation  in  v-Src/3T3  cells  com¬ 
pared  with  the  control  NIH3T3  cells.  This  indicates  that  Src  is 
constitutively  activated  in  v-Src/3T3  cells  (Fig.  1C).  Consistent 
with  our  previous  studies,  the  abundance  of  both  SSeCKS  a 
and  j 3  protein  isoforms  was  decreased  markedly  in  v-Src/3T3 
cells,  although  both  SSeCKS  isoforms  could  be  detected  in 
w-Srd3rT3  lysates  after  longer  exposures  as  shown  in  Fig.  1C. 
Semi-quantitative  RT-PCR  analysis  with  isoform-specific 
primers  (Table  1)  showed  that  the  down-regulated  levels  of 
SSeCKS  a  and  j3  mRNAs  (Fig.  ID)  correlated  with  decreases 
in  a  and  j3  protein  levels  in  v-Src/3 T3  cells  (Fig.  1C).  Similar 
decreases  in  SSeCKS  protein  and  mRNA  levels  by  v-Src  were 
found  in  at  least  three  independent  v-Src/3rT3  clones  and  one 
v-Src-transformed  mouse  embryonic  fibroblast  (v-Src/MEF) 
cell  line  (data  not  shown).  We  previously  showed  that  v-Src 
decreased  SSeCKS  transcript  and  protein  levels  to  similar 
extents,  based  on  Northern  and  Western  blots  (1,  2,  25). 
Thus,  SSeCKS  abundance  is  likely  controlled  by  v-Src  at  the 
level  of  transcription.  However,  for  Fig.  ID,  we  chose  PCR 
cycle  numbers  that  allowed  the  simultaneous  visualization  of 
SSeCKS  isoform  transcript  levels  in  NIH3T3  and  v-Src/3 T3 
cells,  conditions  that  will  allow  us  in  the  experiments  below 
to  gauge  treatments  that  could  derepress  SSeCKS  transcrip¬ 
tion  in  v-Src/3 T3  cells. 


Decreased  SSeCKS  mRNA  Steady-state  Levels  in  v-Src/3T3 
Cells  Are  Not  Mediated  by  Alteration  in  mRNA  Stabilities — Be¬ 
cause  mRNA  steady-state  levels  can  be  controlled  by  both 
mRNA  synthesis  rate  and  post-transcriptional  mRNA  stability 
(mRNA  degradation  rate),  we  examined  whether  the  v-Src-in- 
duced  down-regulation  of  SSeCKS  was  because  of  changes  in 
mRNA  stability.  NIH3T3  and  v-Src/3T3  cells  were  treated  with 
actinomycin  D  to  inhibit  transcriptional  initiation,  and  then 
SSeCKS  mRNA  levels  were  determined  at  various  time  points 
by  semi-quantitative  RT-PCR.  The  PCR  products  were 
resolved  on  2%  agarose  gel,  visualized  by  ethidium  bromide 
staining,  and  quantified  by  densitometry  analysis  (Fig.  2 A).  The 
mRNA  decay  slopes  reveal  that  there  was  no  significant  differ¬ 
ence  in  the  degradation  rates  of  either  SSeCKS  mRNA  isoform 
in  NIH3T3  cells  versus  v-Src/3T3  cells  (Fig.  2 B).  Therefore, 
v-Src-induced  down-regulation  of  SSeCKS  mRNA  was  not 
mediated  by  decreasing  mRNA  stability,  suggesting  that 
SSeCKS  message  abundance  is  controlled  by  repression  of  pro¬ 
moter  activity. 

Mapping  of  Transcriptional  Start  Sites  (TSS)  of  SSeCKS— As 
a  first  step  toward  to  studying  SSeCKS  promoter  control  mech¬ 
anisms,  we  mapped  the  SSeCKS  TSS  using  primer  extension 
analysis.  As  shown  in  Fig.  3,  specific  extension  bands  were 
detected  for  SSeCKS  a  or  j3  isoforms,  suggesting  that  each  iso¬ 
form  has  a  single  major  TSS  in  NIH3T3  cells.  The  precise  loca¬ 
tion  of  the  TSS  was  obtained  by  running  in  parallel  a  sequencing 
reaction  performed  with  the  same  primer  used  in  the  extension 
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FIGURE  2.  v-Src  does  not  alter  SSeCKS  mRNA  stability.  A,  total  RNA  was  extracted  from  NIH3T3  orv-Src/3T3  cells  following  actinomycin  D  (5  jutg/ml)  treatment 
for  the  times  indicated  and  analyzed  for  SSeCKS  mRNA  levels  by  RT-PCR.  B,  SSeCKS  mRNA  levels  were  determined  by  densitometric  analysis  and  were  plotted 
as  decay  curves.  Because  of  the  lower  level  ofSSeCKS  mRNA  in  v-Src/3T3  relative  to  NIH3T3  cells,  more  PCR  cycles  were  used  for  v-5rc/3T3  cells  (see  "Experi¬ 
mental  Procedures")  to  get  comparable  amplifications.  Calculated  slopes  were  shown  for  comparison  in  the  SSeCKS  mRNA  degradation  rates  between  NIH3T3 
and  v-Src/3T3  cells. 
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...GGAGTTTGCCACGAGCGCGTCCCCTTCATTCTC 
AG  TC  C  GG  GT  GT  GT  TC  T  C  AGC  AG  G  T  A  T  C  GT  GG  AG  A 
GCGGGTGCTCCTCACCCCTTAGTCCCTGTGGTCC 
TGGGC  GC  AC  AT  CT  CC  T  C  G  CC  CC  TCTGCTTCTGC... 


...TTAGCCAGAGAAGCGCTTCTCCAGTGCGCATTG 
C T  GC AC  CT  CCAGG GC  TG  GAG AG  C  T  TC  CT  TGAT  G  C 
T  C  T  GAG  G AC  T  G  C ATT CC  TT  T  T  CAT  CT  CACTGGTT 

_  AG  C  C  GG  G  AG  T  A  G  AC  AG  AGGAGAAG  G  AG  ACT  T  C ... 

FIGURE  3.  Mapping  of  the  SSeCKS  a:  and  /3  TSS  in  NIH3T3  cells  by  primer  extension  analysis.  Total  RNA  (50 
pig)  isolated  from  NIH3T3  cells,  or  an  equal  volume  of  H20  as  a  control,  was  hybridized  to  a  32P-end-labeled 
antisense  oligonucleotide  primer  specific  to  SSeCKS  a  [A)  or  j8  {B)  mRNA.  The  annealed  primers  were  elongated 
with  reverse  transcriptase  and  then  resolved  on  a  denaturing  8%  polyacrylamide  gel  along  with  a  1 0-bp  DNA 
marker  (M)  and  sequencing  ladders.  The  annealed  sequences  of  each  primer  used  in  the  assay  are  underlined, 
and  the  nucleotide  corresponding  to  the  TSS  is  designated  as  + 1 .  Arrows,  major  extension  bands. 


assay.  The  nucleotide  C  in  the  TTCAT  motif  was  defined  as  the 
TSS  (designated  + 1)  of  the  SSeCKS  a  isoform  (Fig.  3 A),  and  the 
nucleotide  C  in  the  GTGCG  motif  was  identified  as  the  TSS  of 
the  j3  isoform  (Fig.  3 B).  The  start  sites  identified  here  are  very 
close  to  those  identified  by  Streb  etal.  (18)  in  rat  smooth  muscle 
cells  (3  bp  downstream  for  a  and  8  bp  downstream  for  /3)  using 
a  5 '-rapid  amplification  of  cDNA  ends  technique. 

Identification  ofVSRE  in  SSeCKS  Promoters— Roughly  5  kb  of 
promoter  region  upstream  of  the  TSS  of  each  isoform  (—4920/ 


+  36  for  isoform  a  and  —4758/ +  119 
for  isoform  /3)  was  cloned  into  the 
pGL3-Basic  luciferase  reporter  vec¬ 
tor,  and  in  order  to  locate  the  VSRE, 
we  generated  a  series  of  progressive 
promoter  deletion  mutants.  These 
full-length  promoter  and  deletion 
constructs  were  then  transiently  co¬ 
transfected  into  NIH3T3  and  v-Srcl 
3T3  cells  along  with  a  Renilla  lucif¬ 
erase  reporter  driven  by  the  TI< 
promoter,  representing  a  normal¬ 
ization  control.  As  shown  in  Fig.  4 A, 
the  -4920/ +  36  SSeCKS  a  pro¬ 
moter  sequence  induced  robust 
luciferase  activities  in  both  cells  and, 
more  importantly,  exhibited  con¬ 
siderably  lower  relative  promoter 
activity  in  v-Src/3T3  cells.  Trunca¬ 
tion  of  the  sequence  between 
-4920  and  -2677  enhanced  pro¬ 
moter  activities  in  both  cells  but 
did  not  affect  the  v-Src  responsive¬ 
ness,  suggesting  that  this  region 
contains  v-SVc-independent  re¬ 
pressors.  Deletions  of  the  se¬ 
quence  between  —2677  and  —106 
reduced  the  promoter  activities  in 
both  cell  types  but  still  had  no 
effect  on  the  v-Src-mediated  repression.  However,  trunca¬ 
tion  of  the  sequence  between  —106  and  —26  abolished  both 
VSR  and  basal  promoter  activities.  These  findings  were 
observed  in  at  least  two  independently  derived  v-Src/3 T3 
clones  and  another  v-SVc/MEF  cell  line  (data  not  shown). 
These  results  demonstrate  that  the  SSeCKS  a  proximal  pro¬ 
moter  region  between  —106  and  —26  encodes  the  minimal 
VSRE  and  also  contains  the  minimal  ds-acting  sequences 
required  for  basal  promoter  activity.  Interestingly,  a  lucif- 
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FIGURE  4.  Mapping  of  VSRE  in  SSeCKS  ct  and  /3  promoters.  A  and  B,  NIH3T3  and  v-5rc/3T3  cells  were  transiently  co-transfected  with  a  deletion  series  of  the  SSeCKS 
a  {A)  and  /3  promoter  ( B )  sequences  cloned  into  pGL3B-luciferase  vectors  along  with  pRL-TK  (as  a  normalization  control  for  transfection  efficiency  and  cell  proliferation 
rates).  Cells  lysates  were  produced  after  48  h  and  then  assayed  for  luciferase  activity.  The  normalized  luciferase  value  for  each  assay  is  shown  as  the  mean  of  three 
replicates  ±  S.D.  The  representative  result  of  three  independent  experiments  is  shown.  C,  DNA  sequence  alignment  of  the  SSeCKS  a  proximal  promoters  from  mouse, 
human,  chimp,  rat,  and  dog.  Asfer/s/cs  indicate  the  conserved  nucleotides  among  all  five  species.  Consensus  E-  and  GC-boxes  are  highlighted. 


erase-reporter  construct  containing  roughly  5  kb  of  the 
human  a  SSeCKS  (Gravin)  promoter  was  down-regulated  in 
LNCaP  and  C-42  prostate  cancer  cells  compared  with 
untransformed,  immortalized  P69SV40T  human  prostate 
epithelial  cells  (data  not  shown),  suggesting  that  promoter 
sequences  controlling  down-regulation  in  cancer  are  also 
present  in  the  human  a  SSeCKS  allele. 

To  our  surprise,  neither  the  —4758/+ 119  promoter  sequence 
of  SSeCKS  j3  isoform  nor  any  of  its  deletion  constructs  exhibited 
v-Src-mediated  repression  in  the  luciferase  assay,  although  the 
region  proximal  to  the  TSS  ( — 157/ + 1 19)  was  sufficient  to  encode 
adequate  promoter  activity  (Fig.  4 B).  As  with  the  a  promoter,  the 
distal  j3  promoter  region  from  —4758  to  —2482  seems  to  harbor 
v-Src-independent  control  sequences  that  repress  the  basal 
activity. 

Sequence  conservation  across  different  species,  especially  in 
promoter  regions,  strongly  suggests  common  regulatory  mech¬ 
anisms.  We  carried  out  a  cross-species  comparison  of  SSeCKS 
a  proximal  promoter  sequences  shown  in  Fig.  4 A  to  be  suffi¬ 
cient  for  VSR  and  basal  promoter  activity.  As  shown  in  Fig.  4C, 
the  a  proximal  promoter  sequence  was  highly  conserved 
between  mouse,  human,  chimp,  rat,  and  dog,  and  moreover, 
there  was  equal  E-  and  GC-box  spacing  relative  to  the  TSS, 


further  strengthening  its  functional  importance  in  regulating 
gene  expression  in  the  context  of  the  a  promoter. 

E-  and  GC-boxes  in  the  SSeCKS  a  Proximal  Promoter ,  Bound 
by  USF1  and  Spl/3,  Respectively ,  Are  Crucial  for  the  v-Src 
Responsiveness— To  identify  the  precise  regulatory  elements 
responsible  for  VSR  activity,  we  generated  fine  deletion  con¬ 
structs  with  the  SSeCKS  a  proximal  promoter  and  then  per¬ 
formed  luciferase  assays.  As  shown  in  Fig.  5 A,  deletion  of  the 
region  between  —106  and  —89,  which  contains  the  consensus 
E-box,  markedly  reduced  promoter  activities  in  both  NIH3T3 
and  v-Src/3T3  cells  and  abrogated  v-Src  responsiveness.  Fur¬ 
ther  deletion  of  the  region  between  —89  and  —67,  which  con¬ 
tains  a  GC-box  site,  resulted  in  a  similar  decrease  in  the  basal 
promoter  activities.  These  results  indicate  that  the  E-box  in  the 
proximal  promoter  is  critical  for  the  v-Src  responsiveness. 

We  investigated  the  transcriptional  factors  binding  to  the  a 
proximal  promoter  by  EMSA  with  three  overlapping  synthetic 
DNA  oligonucleotides,  spanning  the  sequence  between  — 106 
and  —26  (Fig.  SB).  Equal  amounts  of  total  nuclear  extract  (5  /xg) 
prepared  from  NIH3T3  and  v-Src/3 T3  cells  were  used  in  each 
assay.  As  shown  in  Fig.  5C,  oligo-1  (  —  106/  — 71)  facilitated  the 
formation  of  two  DNA-protein  complexes,  Cl  and  C2,  and  two 
major  binding  complexes,  C2  and  C3,  were  formed  to  oligo-2 
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FIGURE  5.  VSRE  are  located  in  the  a  SSeCKS  proximal  promoter.  A,  NIH3T3  or  v-5rc/3T3  cells  were  trans¬ 
fected  with  various  SSeCKS  a  proximal  promoter-luciferase  reporter  constructs  along  with  pRL-TK,  and  lysates 
isolated  after  48  h  were  assayed  for  luciferase  activity.  The  normalized  luciferase  value  for  each  assay  is  shown 
as  the  mean  of  three  replicates  ±  S.D.  The  representative  result  of  three  independent  experiments  is  shown. 
B,  DNA  sequence  of  the  SSeCKS  a  proximal  promoter  from  nucleotides  -106  to  -26.  The  three  overlapping 
oligonucleotides  spanning  this  region  used  in  the  EMSA  are  indicated  by  solid  or  dotted  lines.  C,  EMSA  analysis 
was  carried  out  with  32P-labeled  oligonucleotides  and  nuclear  extracts  (A/E)  (5  jmg/lane)  prepared  from  NIH3T3 
or  v-Src/3T3  cells.  The  two  DNA-protein  complexes  formed  with  oligo-1  were  designated  as  Cl  and  C2,  and  the 
two  major  binding  complexes  formed  with  oligo-2  were  designated  as  C2  and  C3.  D,  nuclear  extracts  prepared 
from  v-5rc/3T3  cells  were  used  in  competition  assays  with  molar  excess  of  unlabeled  nonspecific  (/VS)  or  specific 
oligonucleotides  as  indicated. 


(—85/— 47),  but  no  significant  gel  shifts  were  detected  using 
oligo-3  (  —  63/— 26).  All  three  DNA-protein  complexes  (Cl,  C2, 
and  C3)  were  specific  as  demonstrated  by  competition  experi¬ 
ments  with  molar  excesses  of  specific  and  nonspecific  unla¬ 
beled  oligonucleotides  (Fig.  5 D).  The  binding  activity  of  protein 
complex  Cl  to  oligo-1  was  comparable  between  the  NIH3T3 
and  v-Src/3T3  cells  (Fig.  5C,  lanes  1  and  2).  In  contrast,  the 
binding  complexes  of  C2  and  C3  were  formed  preferentially  in 
v-Src/3T3  cells  compared  with  NIH3T3  cells  (Fig.  5C,  lanes  3 
and  4),  suggesting  that  these  two  complexes  correlate  with 
\-Src  responsiveness.  These  findings  were  also  observed  using 
nuclear  extract  prepared  from  another  independent  v-«Src/3T3 
clone  (data  not  shown).  The  presence  of  Cl  complex  solely  in 
oligo-1  but  not  in  oligo-2  strongly  suggested  that  the  binding 
site  of  Cl  was  in  the  nonoverlapping  region  of  oligo-1  (e.g.  the 
E-box).  Given  that  C2  co-migrated  with  either  oligo-1  or  -2,  but 
that  it  showed  stronger  binding  with  oligo-2,  it  is  possible  that 
the  C2  binding  is  at  the  overlap  of  oligo-1  and  -2  (e.g.  the  GC- 
box).  To  test  whether  the  binding  site  of  Cl  is  the  E-box,  and  C2 
is  the  GC-box,  we  performed  EMSAs  with  oligo-4  and  oligo-4m 
(Fig.  6 A),  versions  of  oligo-1  lacking  the  GC-box  site  at  its 
3 '-end  or  encoding  a  mutated  E-box  site.  As  shown  in  Fig.  6 B, 
oligo-4  failed  to  induce  the  formation  of  complex  C2,  although 
it  had  no  effect  on  the  formation  of  complex  Cl  (lanes  3  and  4), 


strongly  suggesting  that  the  binding 
site  of  C2  induced  by  oligo-1  was  at 
the  GC-box.  Mutation  of  the  E-box 
in  oligo-4m  completely  abrogated 
the  formation  of  complex  Cl  (Fig. 
6 B,  lanes  5  and  6),  strongly  suggest¬ 
ing  that  the  protein-DNA  interac¬ 
tion  site  of  Cl  was  at  the  E-box.  In 
addition,  mutation  of  the  GC  box  in 
oligo-2  (oligo-2m)  abolished  the 
formation  of  both  complex  C2  and 
C3  (Fig.  6 B,  lanes  9  and  10),  showing 
that  the  DNA-protein  interaction 
site  of  complex  C2  or  C3  with 
oligo-2  was  likely  at  the  GC-box. 

The  c-Myc-  and  c-Myc-related 
family  of  proteins,  such  as  USF1  and 
USF2,  is  among  the  helix-loop-helix 
transcriptional  factors  known  to 
bind  E-box  sequences  (26,  27). 
Moreover,  it  has  been  reported  that 
USF1  binds  to  the  E-box  on  a 
SSeCKS  promoter  in  Rat-2  fibro¬ 
blasts  (18).  To  determine  whether 
c-Myc  or  USF1  was  the  E-box-bind¬ 
ing  protein  that  forms  the  Cl  com¬ 
plex,  we  performed  supershift 
EMSAs  with  antibodies  (Ab)  spe¬ 
cific  for  c-Myc  or  USF1.  Addition  of 
the  anti-USFl  Ab  supershifted  the 
Cl  complex  (Fig.  6 B,  ss),  whereas 
preimmune  IgG  control  had  no 
effect  on  the  migration  of  Cl  (Fig. 
6 B,  lanes  13  and  14).  In  contrast,  Ab 
against  c-Myc  failed  to  either  compete  or  supershift  the  Cl 
complex  (data  not  shown).  These  data  indicate  that  USF1,  but 
not  c-Myc,  binds  in  vitro  to  the  SSeCKS  a  proximal  promoter  at 
the  E-box. 

GC-boxes  are  known  to  be  bound  by  the  Sp  and  Kruppel-like 
factor  families  of  transcription  factors  (28).  We  then  examined 
whether  Spl  or  Sp3  were  present  in  the  binding  complexes,  C2 
and  C3.  Upon  more  careful  resolution,  the  thick  band  of  C2 
formed  with  oligo-2  in  EMSA  (Fig.  5C,  lanes  3  and  4)  can  be 
separated  into  several  complexes  as  follows:  a  doublet,  desig¬ 
nated  C2a  and  C2b,  and  a  faster  migration  C2c  (Fig.  6 B,  lanes  IS 
and  16).  Addition  of  anti-Spl  Ab  led  to  a  supershift  of  C2a  but 
had  little  effect  on  C2b,  C2c,  or  C3  (Fig.  6 B,  lane  17),  whereas 
anti-Sp3  Ab  resulted  in  supershift  of  C2b  and  of  the  entire  C3 
(Fig.  6 B,  lane  18).  Neither  Ab  affected  the  migration  of  C2c. 
Addition  of  both  Abs  supershifted  C2a,  C2b,  and  C3  but  still 
had  little  effect  on  C2c  (Fig.  6 B,  lane  19).  These  results  strongly 
suggest  that  the  DNA-protein  complexes  formed  at  the  GC-box 
primarily  contain  Spl  and  Sp3;  whether  C2c  represents  another 
Sp  family  member  or  an  additional  non-Sp  complex  or  nonspe¬ 
cific  binding  is  still  unclear.  It  should  be  noted  that  the  C2c 
complex  is  also  formed  preferentially  in  \-Srd 3T3  cells.  In 
addition,  a  ChIP  assay  confirmed  the  EMSA  findings,  namely 
that  binding  to  the  SSeCKS  a  proximal  promoter  by  Spl  and 
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FIGURE  6.  E-  and  GC-boxes  in  the  SSeCKS  a  proximal  promoter,  bound  by  USF1  and  Spl  13,  respectively, 
are  crucial  for  VSR  activity.  A,  sequences  of  the  five  oligonucleotides  used  in  the  EMSA,  containing  wild  type 
E-  or  GC-boxes  (oligo  1 ,  -2,  and  -4)  or  mutated  E-  or  GC-boxes  (oligo-2m,  -4m;  only  the  mutated  nucleotides  are 
shown).  B,  EMSA  analysis  using  32P-labeled  oligonucleotides  shown  in  A.  Supershift  experiments  were  carried 
out  by  adding  antibodies  specific  for  USF1 ,  Spl ,  and/or  Sp3  (or  IgG  controls),  as  indicated.  55,  supershift.  C,  ChIP 
assay.  NIH3T3  or  v-5rc/3T3  cells  were  treated  with  formaldehyde,  lysed,  and  subjected  to  immunoprecipitation 
with  antibodies  specific  for  USF1,  Spl,  Sp3,  or  IgG  control.  SSeCKS  a  proximal  promoter  sequences  (-270  to 
+33)  were  amplified  by  PCR  from  the  immunoprecipitates.  D,  whole  cell  lysates  or  nuclear  extracts  prepared 
from  NIH3T3  or  v-5rc/3T3  cells  were  immunoblotted  with  antibodies  specific  for  USF1,  Spl,  or  Sp3.  Actin  and 
GAPDFI  blots  are  shown  as  loading  controls  for  whole  cell  lysates;  lamin  A/C  is  a  marker  of  nuclear  preparation. 
Note  that  v-Srctypically  decreases  actin  2-fold,  increases  GAPDFI  2-fold,  and  increases  lamin  A/C  2-3-fold  (Y.  Bu 
and  I.  H.  Gelman,  unpublished  observations);  and  thus,  protein-loading  normalization  usually  requires  analyz¬ 
ing  several  proteins.  E,  NIH3T3  or  v-5rc/3T3  cells  were  co-transfected  with  the  wild  type  -106/+36  SSeCKS  a 
promoter/luciferase  construct  or  similar  reporter  constructs  containing  mutated  E-  or  GC-boxes,  or  both  ( top 
panel),  along  with  pRL-TK.  Cell  lysates  were  harvested  after  48  h  and  assayed  for  luciferase  activity  ( bottom 
panel).  The  normalized  luciferase  value  for  each  assay  is  shown  as  the  mean  of  three  replicates  ±  S.D.  The 
representative  result  of  three  independent  experiments  is  shown. 


Sp3,  but  not  by  USF1,  is  enhanced  in  v-Src/3T3  cells  compared 
with  NIH3T3  cells  (Fig.  6 C).  Importantly,  the  increased  binding 
of  Spl  and  Sp3  to  the  GC  box  in  v-Src !  3 T3  cells  was  not  because 
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of  either  increased  total  protein 
expression  or  increased  nuclear 
localization  of  these  proteins  in 
v-Src  13 T3  cells  (Fig.  6 D).  The  lamin 
A/C  protein  level  is  used  merely  as  a 
marker  of  nuclear  preparation;  it 
cannot  be  used  as  a  loading  control 
because  its  relative  abundance  is 
altered  by  v-Src  (as  is  true  for 
many  other  typical  loading  control 
proteins).3 

We  next  investigated  the  func¬ 
tional  importance  of  E-  and 
GC-boxes  in  mediating  v-Src 
responsiveness.  Thus,  proximal  a 
promoter-luciferase  constructs  were 
produced  that  incorporate  the 
mutations  in  oligo-4m  (loss  of 
USF1  binding),  oligo-2m  (loss  of 
Spl/3  binding),  or  both  (Fig.  6 E). 
Loss  of  either  USF1  or  Spl/3  bind¬ 
ing  ablated  both  VSR  and  basal  pro¬ 
moter  activities,  and  mutation  to 
both  boxes  (DM)  decreased  these 
activities  roughly  50%  more  (Fig. 
6  E).  Taken  together  with  the 
increased  binding  of  Spl/3  to  the 
GC-box  in  v-Src/3 T3  cells  (Fig.  6 B), 
these  data  strongly  suggest  that 
Spl/3  encode  dual  regulatory  roles 
for  this  promoter  as  follows:  as 
inducers  of  basal  promoter  activity 
in  both  untransformed  and  v-Src- 
transformed  cells  and  as  repressors 
of  promoter  activity  in  v-Src/3T3 
cells. 

Although  the  / 3  proximal  pro¬ 
moter  also  contains  E-  and  GC- 
boxes  spaced  similarly  upstream  of 
the  TSS  as  in  the  a  promoter,  these 
boxes  seem  not  to  be  sufficient  for 
the  VSR  activity  in  the  j3  promoter. 
This  suggests  that  VSR  activity  is 
governed  by  E-/GC-box  spacing 
constraints  and/or  by  the  E -/GC- 
boxes  plus  other  sequences  found 
only  in  the  a  proximal  promoter. 

The  SSeCKS  a  Proximal  Promoter 
Is  Sufficient  to  Confer  VSR  to  a 
Heterologous  Promoter— To  test 
whether  the  SSeCKS  a  proximal 
sequence  between  —106  and  —49, 
containing  E-  and  GC-boxes,  is  suf¬ 
ficient  to  confer  VSR  activity,  this 
sequence  was  spliced  immediately 
upstream  of  a  minimal  TI<  promoter  driving  firefly  luciferase. 
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5 1.  H.  Gelman,  unpublished  observations. 
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FIGURE  7.  The  SSeCKS  ct  proximal  promoter  is  sufficient  to  confer  VSR  activity  to  a  heterologous  TK 
promoter.  Either  the  wild  type  SSeCKS  a  proximal  promoter  (- 1 06  to  -49),  or  those  containing  E-  and/or 
GC-box  mutations  ( top  panel)  were  fused  upstream  of  the  minimal  TK  promoter  driving  a  luciferase 
reporter  and  used  to  co-transfect  NIH3T3  orv-Src/3T3  cells  along  with  pRL-TK  control  plasmid.  Cell  lysates 
were  prepared  after  48  h  and  assayed  for  luciferase  activity.  The  normalized  luciferase  value  for  each  assay 
is  shown  as  the  mean  of  three  replicates  ±  S.D.  Data  shown  are  representative  of  three  independent 
experiments. 


As  shown  in  Fig.  7,  this  58-bp  sequence  was  sufficient  to  induce 
VSR  to  the  heterologous  TI<  promoter.  Moreover,  mutation  of 
either  the  E-  or  GC-box  in  this  sequence  abrogated  its  ability  to 
confer  VSR.  Collectively,  therefore,  the  E-  and  GC-boxes  in  the 
context  of  the  SSeCKS  a  proximal  promoter  were  both  neces¬ 
sary  and  sufficient  for  VSR  activity. 

Effects  of  Spl  and/or  Sp3  Overexpression  on  SSeCKS  a  Prox¬ 
imal  Promoter  Activity  in  NIH3T3  and  v-Src/3T3  Cells— Given 
that  the  GC-box  supports  VSR  activity  and  that  increased  Spl/ 
Sp3  binding  to  the  GC-box  was  observed  in  EMSA  using  v-Src/ 
3T3  lysates,  we  examined  whether  overexpression  of  Spl 
and/or  Sp3  was  sufficient  for  transcriptional  repression  in 
NIH3T3  and  v-Src/3 T3  cells.  Thus,  we  co-transfected  increas¬ 
ing  amounts  of  Spl  or  Sp3  expression  plasmid  (from  0.01  to  0.4 
/xg)  with  a  set  amount  of  the  — 106/ +  36  a  promoter  construct. 
As  shown  in  Fig.  8 A,  overexpression  of  Spl  led  to  a  dose-de- 
pendent  increase  in  promoter  activity  in  both  cells.  In  contrast, 
only  high  overexpression  levels  of  Sp3  increased  promoter 
activity  in  NIH3T3  cells  but  had  little  effect  in  the  v-Src/3 T3 
cells  (Fig.  SB).  Because  Sp3  can  exert  transcriptional  inhibition 
by  competitively  antagonizing  the  action  of  Spl  (29),  and 
sumoylation  of  Sp3  potentiates  its  repressive  activity  (30),  we 
reasoned  that  the  failure  of  Sp3  to  repress  the  SSeCKS  a 
promoter  activity  could  be  because  of  limited  sumoylation  of 
the  exogenous  Sp3.  However,  inclusion  of  expression  vectors 
for  SUMO  and  for  the  PIAS1  ubiquitin-protein  isopeptide 
ligase-3,  required  to  conjugate  SUMO  to  Sp3  (31),  led  to 
increased  promoter  activity  in  both  cells,  albeit  to  a  much 
lesser  extent  in  v-Src/3T3  cells  (Fig.  8C).  In  contrast,  increas¬ 
ing  levels  of  Sp3  (0.1- 0.4  /xg)  co-transfected  with  a  set  level 
of  Spl  (0.1  /xg)  resulted  in  the  reduction  of  the  Spl-mediated 
transactivation  in  a  dose-dependent  manner  in  v-Src/3T3 
cells  but  not  in  NIH3T3  cells  (Fig.  8D).  The  exogenous 
expression  of  the  Spl,  Sp3,  PIAS1,  and  SUMO  proteins  was 


confirmed  by  immunoblotting 
(supplemental  Fig.  1).  Taken 
together,  these  results  indicate 
that  Spl  alone  is  a  strong  activator 
of  the  SSeCKS  a  promoter  in  both 
NIH3T3  and  v-Src/3T3  cells, 
whereas  Sp3  is  a  weak  activator 
alone  in  both  cells,  but  in  the  pres¬ 
ence  of  both  Spl  and  Sp3,  Sp3 
can  antagonize  the  Spl-mediated 
transactivation  of  a  promoter  activ¬ 
ity  only  in  v-Src/ 3T3  cells.  This 
suggests  that  v-Src  converts  the 
Spl/3  complex  from  an  activator 
to  a  repressor,  possible  through 
post-translational  modifications 
or  through  the  induction  of 
co-repressors. 

VSR  Activity  Correlates  with 
Changes  in  Chromatin  Structure — 
The  transient  luciferase  assay  (Fig. 
4 A)  only  partly  recapitulated  the 
repression  of  SSeCKS  transcripts  at 
the  endogenous  level  (Fig.  ID).  This 
suggests  that  VSR  activity  of  the  endogenous  a  promoter  may 
also  be  controlled  by  epigenetic  mechanisms,  such  as  DNA 
methylation  or  changes  in  chromatin  structure,  that  are  not 
manifest  on  exogenous  reporter  plasmids  during  a  transient 
expression  assay.  Therefore,  we  examined  whether  v-Src-medi- 
ated  down-regulation  of  SSeCKS  transcription  was  controlled 
by  epigenetic  mechanisms.  Indeed,  previous  reports  indicated 
that  AI<AP12/Gravin  is  inactivated  by  promoter  hypermethy- 
lation  in  gastric  and  colon  cancer  (12,  32).  RT-PCR  analysis 
showed  that  treatment  of  v-Src/3 T3  cells  with  the  DNA  meth- 
yltransferase  inhibitor,  5-aza-C,  failed  to  restore  the  steady 
mRNA  levels  of  either  isoform  of  SSeCKS  (Fig.  9 A,  lanes  3  and 
4),  indicating  that  DNA  methylation  was  not  involved  in  the 
v-Src-mediated  down-regulation  of  SSeCKS.  Moreover,  we 
examined  the  methylation  status  of  CpG  islands  in  the  SSeCKS 
proximal  promoter  sequences  of  the  a  isoform  (see  Table  1 
for  primers)  by  a  matrix-assisted  laser  desorption/ionization 
time-of-flight  mass  spectrometry  approach  (33)  (Sequenom 
MassARRAY,  RPCI  Microarray  and  Genomics  Core  Facility), 
and  we  found  no  significant  differences  between  control 
NIH3T3  and  v-Src/3 T3  cells  (data  not  shown).  In  contrast,  inhi¬ 
bition  of  histone  deacetylase  (HD AC)  activities  by  treatment 
with  TSA  partly  restored  the  steady  mRNA  level  of  the  a  iso¬ 
form  and  fully  restored  j3  isoform  in  v-Src/3T3  cells  (Fig.  9 A, 
lanes  5  and  6),  whereas  combining  with  5-aza-C  treatment  had 
little  additive  effect  (Fig.  9 A,  lanes  7  and  8).  Similar  data  were 
also  found  in  another  independent  v-Src/3 T3  clone  and  a  v-Src/ 
MEF  cell  line  (data  not  shown).  These  data  suggest  that  histone 
deacetylation,  but  not  DNA  methylation,  plays  a  role  in  v-Src- 
mediated  down-regulation  of  SSeCKS.  This  finding  agrees  with 
Rombouts  et  al.  (34)  who  showed  that  TSA  could  derepress 
SSeCKS  in  a  model  of  hepatic  injury. 

Because  TSA  treatment  is  known  to  affect  the  expression 
of  a  wide  range  of  genes,  the  derepression  of  SSeCKS  in 


26734  JOURNAL  OF  BIOLOGICAL  CHEMISTRY 


VOLUME  282-NUMBER  37-SEPTEMBER  14, 2007 


Downloaded  from  www.jbc.org  at  ROSWELL  PARK  CANCER  INST  on  October  19,  2007 


The  Journal  of  Biological  Chemistry 


Down-regulation  ofSSeCKS  by  v-Src 


8 

c  7 
.2  6 
§  5 

1  + 
:g  3 
o 

LL  £ 
1 

a 


□  NIH3T3 
■  v-Src/3T3 


X 


1 


n 


n 


-106/+36:  0.2  0.2  0.2 

Spl :  -  0.01  0.05 


0.2 

0.1 


0.2 

0.2 


0-2  (1*9) 
0-4  fog) 


0.2  (Mg) 

0.4  fog) 


Sp3: 


c  3.0 
£  2.5 

I 

1  1-5 

2  1.0 
£  0.5 

0 


0.01  0.05  0.1  0.2  0.4  (pig) 


-106/+36:  0.2  0.2  0.2  0.2  0.2  0.2  frig) 


Sp3: 


0.01  0.05  0.1  0.2  0.4  (pig) 


n  n  n 


n 


106/+36:  0.2 

0.2 

0.2 

0.2 

0-2  fog} 

-106/+36:  0.2 

0.2 

0.2 

0.2 

0.2  (fig) 

Sp3: 

0.1 

0.1 

0.1 

-  M 

Sp3:  - 

0.1 

0.1 

0.1 

-  (W) 

P1AS1:  - 

- 

0.1 

0.1 

0,1  fog) 

PIAS1:  - 

- 

0,1 

0.1 

0.1  (K3) 

SUMO:  - 

- 

- 

0.4 

0.4  fog) 

SUMO:  - 

- 

- 

0.4 

0.4  (.Lig) 

1.2 
1.0 
0  8 
0  6 
0  4 
0.2 
0 


1.2 
1.0 
0  8 
0  6 
0  4 
0  2 
0 


In 


I 


■106/+36: 

0  2 

0.2 

0.2 

0,2  fog) 

-106/+36: 

0.2 

0.2 

0.2 

0.2  fog) 

Spl: 

0.1 

0,1 

0.1 

0.1  fog) 

Spl: 

0.1 

0,1 

0.1 

o.i  fog) 

Sp3: 

- 

0.1 

0.2 

0,4  fog) 

Sp3: 

- 

0,1 

0.2 

0-4  fog) 

FIGURE  8.  Effects  of  overexpression  of  Spl  and/or  Sp3  on  SSeCKS  a  proximal  promoter  activity  in  NIH3T3 
and  v-5rc/3T3  cells.  A  and  B,  effect  of  Spl  ( A )  or  Sp3  (8)  on  SSeCKS  a  proximal  promoter  activity,  as  determined 
by  luciferase  assay.  NIH3T3  {white  bars )  or  v-5rc/3T3  cells  ( black  bars )  were  transfected  with  the  SSeCKS  a 
proximal  promoter-luciferase  alone  or  with  varying  amounts  of  Spl  [A)  or  Sp3  (8)  expression  plasmids  as 
indicated.  Cell  lysates  were  prepared  after  48  h  and  assayed  for  luciferase  activity.  C,  effect  of  Sp3  sumoylation 
on  the  a  proximal  promoter.  The  SSeCKS  a  proximal  promoter-luciferase  construct  was  transfected  into 
NIH3T3orv-5rc/3T3cellsaloneorin  combination  with  expression  plasmidsforSp3,thePIAS1  ubiquitin-protein 
isopeptide  ligase-3,  and  SUMO-1,  as  indicated.  D,  effect  of  Sp3  on  the  Spl -mediated  activation  of  the  a  prox¬ 
imal  promoter.  The  SSeCKS  a  proximal  promoter-luciferase  construct  wasco-transfected  into  NIH3T3  orv-Src/ 
3T3  cells  with  0.1  pig  of  Spl  expression  plasmid  plus  varying  amounts  of  Sp3  expression  plasmid,  as  indicated. 
For  all  assays,  the  luciferase  activity  values  are  expressed  as  fold  induction  of  the  reporter  alone,  arbitrarily 
assigned  a  value  of  1 .  Each  bar  is  the  mean  of  three  replicates  ±  S.D.  Data  shown  are  representative  of  three 
independent  experiments. 


v-Src/3T3  cells  induced  by  TSA  could  be  indirect,  i.e.  not 
because  of  a  direct  increase  in  acetylated  histones  on  the 
SSeCKS  promoter.  To  test  this  possibility,  we  performed 
ChIP  assays  to  examine  the  acetylation  status  of  histone  H3 
and  histone  H4  markers,  often  associated  with  a  more  tran¬ 
scriptionally  active  chromatin  structure  (35,  36),  on  the 
SSeCKS  proximal  promoters  in  NIH3T3  and  v-Src/3 T3  cells. 
As  shown  in  Fig.  9 B,  the  degree  of  Ac-H3  and  Ac-H4  binding 
to  the  SSeCKS  a  promoter  was  lower  in  v-Src/3 T3  than  that 
in  the  control  NIH3T3  cells.  Moreover,  TSA  treatment 
increased  the  binding  of  Ac-H3  and  Ac-H4  in  the  v-«Src/3T3 
cells,  showing  that  the  derepression  of  SSeCKS  a  isoform  by 
TSA  in  v-Src  transformed  cells  is  controlled  by  an  increase  in 


histone  acetylation  levels.  In  con¬ 
trast,  there  was  no  difference  in 
Ac-H3  and  Ac-H4  binding  levels 
on  the  proximal  j3  promoter 
between  the  two  cells,  and  corre¬ 
spondingly,  TSA  treatment  did 
not  alter  Ac-H3  and  Ac-H4  bind¬ 
ing  levels  in  v-Src/3rT3  cells.  This 
lack  of  change  to  the  chromatini- 
zation  of  the  j3  promoter  contrasts 
with  the  finding  in  Fig.  9 A  that 
TSA  strongly  derepressed  the 
transcription  of  /3-SSeCKS  in 
v-Src/ 3T3  cells,  yet  it  agrees  with 
our  finding  that  the  exogenously  ex¬ 
pressed  j3  promoter  failed  to  be 
down-regulated  in  v-Src/3T3  cells 
(Fig.  4 B).  These  data  suggest  that 
the  repression  of  /3  isoform  may  not 
be  controlled  by  its  own  promoter 
but  rather  through  a  coordinate  reg¬ 
ulation  of  chromatin  structure  at 
the  a  promoter  68  kb  upstream. 
Indeed,  Streb  and  Miano  (37)  show 
evidence  that  the  serum  responsive¬ 
ness  of  the  j3  promoter  could  be 
controlled  by  the  CArG  box  found 
in  the  a  promoter.  It  cannot  be  ruled 
out,  however,  that  the  TSA-induced 
derepression  of  the  j3  isoform  was 
caused  by  the  induction  of  tran¬ 
scription  activators  specific  for  the 
j3  promoter. 

Given  that  hypo-acetylation  of 
histones  contributed  to  the  VSR 
activity  of  the  a  promoter  in  v-Src/ 
3T3  cells,  we  examined  whether  this 
could  be  due  to  changes  in  the  abun¬ 
dance  of  HDAC1,  -2,  or  -3.  As 
shown  in  Fig.  9C,  HDAC1  protein 
levels  were  increased  in  either 
whole  cell  lysates  or  nuclear  extracts 
from  v-Src/3 T3  cells,  whereas  no 
significant  differences  in  HDAC2 
and  HDAC3  levels  were  observed. 
Given  that  Spl  and  Sp3  can  directly  interact  with  HDAC1  (38  - 
40)  and  that  more  Spl/Sp3  bound  to  the  GC-box  on  the 
SSeCKS  a  proximal  promoter  in  v-Src/3T3  cells  (Fig.  6 B),  we 
examined  whether  there  is  increased  recruitment  of  HD  AC  1  to 
the  a  proximal  promoter  in  v-Src/3rT3  cells  by  performing  a 
DNA  affinity  precipitation  assay.  As  predicted,  the  oligonucleo¬ 
tides  containing  both  E-  and  GC-boxes  (  —  106/— 47)  and  the 
one  containing  only  the  nonmutated  GC-box  (  —  85/— 47  WT) 
pulled  down  an  increased  amount  of  HDAC1  from  v-Src/3T3 
lysates  compared  with  lysates  from  NIH3T3  cells  (Fig.  9 D). 
Moreover,  mutation  in  the  GC-box  significantly  reduced  its 
ability  to  interact  with  HDAC1  in  both  cells,  indicating  the 
HDAC1  binding  to  the  SSeCKS  a  proximal  promoter  is 
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FIGURE  9.  Histone  deacetylation  is  involved  in  the  repression  of  SSeCKS  transcription  in  v-5rc/3T3  cells. 

A,  total  RNA  was  isolated  from  NIH3T3  or  v-5rc/3T3  cells  following  treatment  with  vehicle  (D/WSO)  or  the  fresh 
DNA  methylation  inhibitor  5-aza-C  (500  nM  for  72  h),  and/or  the  histone  deacetylase  inhibitor  TSA  (330  nivi  for 
24  h)  as  indicated  and  analyzed  for  SSeCKS  mRNA  levels  by  semi-quantitative  RT-PCR.  B,  ChIP  assay.  After 
treating  NIH3T3  or  v-Src/3T3  cells  with  vehicle  (D/WSO)  or  TSA  (330  nM  for  24  h),  chromatin  was  cross-linked  by 
formaldehyde  and  then  subjected  to  immunoprecipitation  with  antibodies  specific  for  Ac-H3  or  Ac-H4  as 
described  under  "Experimental  Procedures."  SSeCKS  proximal  promoter  sequences  (-270  to  +33  for  a,  -248 
to  +43  for  j3)  were  amplified  by  PCR  from  the  immunoprecipitates.  C,  whole  cell  lysates  or  nuclear  extracts 
prepared  from  NIH3T3  and  v-Src/3T3  cells  were  immunoblotted  with  antibodies  against  HDAC1 ,  HDAC2,  and 
HDAC3.  Actin  and  GAPDH  blots  are  shown  as  loading  controls  for  whole  cell  lysates;  lamin  A/C  is  a  marker  of 
nuclear  preparation.  D,  nuclear  extracts  (1 00  /xg)  from  NIH3T3  or  v-5rc/3T3  cells  were  incubated  with  strepta- 
vidin-agarose  beads  coupled  with  or  without  biotin-labeled  oligonucleotides  containing  SSeCKS  a  proximal 
promoter  sequences  (WT  - 1 06  to  -47,  WT  -85  to  -47,  or  -85  to  -47  with  a  mutated  GC-box).  The  precip¬ 
itated  protein  complexes  were  immunoblotted  with  antibodies  specific  for  HDAC1  or  USF1 .  E,  v-Src/ 3T3  cells 
were  transfected  with  siRNA-HDACI  (200  nM)  or  untransfected  (mock)  for  72  h.  HDAC1  protein  level  was 
determined  using  Western  blot  analysis  and  GAPDH  was  the  loading  control.  SSeCKS  mRNA  levels  were  ana¬ 
lyzed  by  semi-quantitative  RT-PCR  using  isoform-specific  or  common  a/(5  primers. 


dependent  on  the  GC-box.  We  attempted  to  perform  a  ChIP 
assay  to  confirm  these  findings  from  the  DNA  affinity  precipi¬ 
tation  assay,  but  we  were  not  able  to  detect  any  significant  chro¬ 
matin  precipitation  after  normalization  with  the  IgG  control 
using  the  available  HDAC1  antibody.  However,  the  RNA  inter¬ 
ference-mediated  knockdown  of  HDAC1  expression  in  v-Src/ 


3T3  cells  resulted  in  significant 
increases  in  SSeCKS  mRNA  levels 
of  both  isoforms  (Fig.  9 £),  indicat¬ 
ing  that  the  co-repressor  HDAC1  is 
involved  in  the  transcriptional 
repression  of  SSeCKS  in  v-Src  trans¬ 
formed  cells.  Taken  together,  these 
results  suggest  that  VSR  activity  is 
mediated  by  the  increased  recruit¬ 
ment  of  the  HDAC1  co-repressor 
via  the  enhanced  binding  of  Spl/ 
Sp3  to  the  GC-box  on  the  SSeCKS 
a  proximal  promoter. 

Spl/3  Potentiates  the  Repressive 
Activity  of  HDAC1  on  the  a 
Promoter — To  support  the  notion 
that  the  recruitment  of  HDAC1  by 
Spl/3  to  the  SSeCKS  a  promoter  is 
involved  in  VSR  activity,  we 
co-transfected  the  —106/ +  36  re¬ 
porter  construct  (0.2  /xg)  with 
increasing  amounts  of  an  HDAC1 
expression  plasmid  (0.1- 0.4  pg) 
alone  or  in  combination  with  Spl 
and/or  Sp3  expression  plasmids 
(0.05  /xg)  into  NIH3T3  or  v-Src/3T3 
cells.  As  shown  in  Fig.  10,  the  over¬ 
expression  of  HDAC1  alone  led  to  a 
dose-dependent  repression  of  the  a 
proximal  promoter  activity  in  both 
NIH3T3  and  v-Src/3T3  cells.  The 
potency  of  this  repression  was 
~ 2-fold  higher  in  v-Src /3T3  cells, 
possibly  because  the  enhanced 
binding  of  Spl/Sp3  facilitated 
increased  recruitment  of  HD  AC  1  to 
the  a  proximal  promoter  in  the 
v-Src/3 T3  cells.  Moreover,  inclu¬ 
sion  of  Spl  or  Sp3  potentiated  the 
HDAC1 -mediated  repression  in 
both  cells;  the  combination  of  Spl 
and  Sp3  had  an  effect,  which  was 
additive  at  best.  Additionally,  Sp3 
consistently  was  a  more  potent  co¬ 
repressor,  especially  at  the  higher 
concentrations  of  HD  AC  1.  The  exo¬ 
genous  expression  of  the  HDAC1 
protein  was  confirmed  by  immuno- 
blotting  (supplemental  Fig.  1). 
These  data  strongly  suggest  that 
HDAC1  participates  in  VSR  activity 
of  the  SSeCKS  a  promoter  via  an 
enhanced  Spl/Sp3  binding  to  the  proximal  promoter. 

DISCUSSION 

A  wide  range  of  genes  have  been  shown  to  be  up-regulated 
(41-45)  or  down-regulated  (1,  46-51)  in  cells  oncogenically 
transformed  by  v-Src.  Some  of  these  v-Src  down-regulated 
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FIGURE  1 0.  HDAC1  combines  with  Spl  and  Sp3  to  repress  SSeCKS  a  prox¬ 
imal  promoter  activity  in  both  NIH3T3  and  v-Src/3T3  cells.  NIH3T3  cells  ( A ) 
or  v-Src/3T3  cells  (, B )  were  transfected  with  the  SSeCKS  a  proximal  promoter- 
luciferase  construct  alone  or  in  combination  with  varying  amounts  of  expres¬ 
sion  plasmid  encoding  HDAC1,  with  or  without  Spl  and/or  Sp3  expression 
plasmids  as  indicated.  Cell  lysates  were  prepared  after  48  h  and  assayed  for 
luciferase  activity.  The  luciferase  activity  values  for  each  assay  are  expressed 
as  a  percentage  of  those  from  the  reporter  alone,  arbitrarily  set  at  1 00%.  Each 
bar  is  the  mean  of  three  replicates  ±  S.D.  Data  shown  are  representative  of 
three  independent  experiments. 


genes,  including  ssecks ,  are  recognized  as  tumor  suppressor 
genes  (1,  46,  52,  53).  With  the  exception  of  studies  on  the  QR1 
gene  (50,  54),  little  is  known  regarding  the  mechanism  by  which 
v-Src  down-regulates  gene  transcription.  In  this  study,  we  used 
the  ssecks  gene  as  a  prototype  in  order  to  explore  the  mecha¬ 
nisms  involved  in  v-Src-mediated  gene  repression.  We  localize 
an  essential  VSRE  to  the  E-  and  GC-boxes  sites  in  the  SSeCKS  a 
proximal  promoter.  However,  although  these  same  elements 
(and  similar  relative  spacing)  are  found  in  the  SSeCKS  j3  prox¬ 
imal  promoter,  neither  the  proximal  nor  5-kb  j3  promoter 
exhibited  VSR  activity.  This  could  be  due  to  the  following:  (i) 
the  VSRE  being  >5  kb  upstream  in  j3  promoter,  (ii)  the  inac¬ 
tivity  of  the  j3  promoter  VSRE  in  transient  expression  assays, 
or  (iii)  a  coordinated  control  of  the  j3  promoter  by  v-Src 
through  VSRE  found  in  the  a  promoter  68  kb  upstream.  The 
possibility  that  the  transient  expression  assay  fails  to  fully 
reflect  VSR  activity  is  borne  out  by  our  finding  that  even  the 
v-SVc-mediated  down-regulation  of  the  exogenous  a  pro¬ 
moter  in  the  luciferase  assays  is  roughly  2-fold  lower  than 
that  of  the  endogenous  a  transcript  levels  (compare  Fig.  ID 
to  Fig.  4 A).  The  notion  that  the  upstream  a  promoter  con¬ 


trols  the  VSR  of  the  j3  promoter  is  supported  by  our  findings 
that  the  j3  proximal  promoter  had  similar  levels  of  associated 
Ac-H3  and  Ac-H4  in  NIH3T3  and  v-Src/3T3  cells,  yet  TSA 
treatment  derepressed  both  a  and  j3  transcript  levels  in 
v-«SVc/3T3  cells.  Thus,  the  ability  of  TSA  to  increase  Ac-H3/ 
Ac-H4  binding  to  the  a  proximal  promoter  strengthens  our 
notion  that  v-Src  affects  chromatin  structure  at  the  up¬ 
stream  a  promoter  only. 

Transcriptional  repression  can  be  mediated  either  by  recruit¬ 
ing  repressors  or  by  releasing  activators  from  the  gene  pro¬ 
moter.  Our  observation  that  increased  Spl/Sp3  binding  to  the 
GC-box  in  the  a  promoter  in  v-Src/3 T3  cells,  coupled  with  the 
fact  that  Spl  can  behave  as  either  activator  or  repressor 
depending  on  the  gene  promoter  context,  strongly  suggests  that 
the  repression  of  n-SSeCI<S  by  v-Src  is  mediated  by  either  the 
recruitment  of  repressors  to  the  promoter  or  the  post-transla- 
tional  modification  of  Spl/Sp3.  Indeed,  our  data  indicate  that 
Spl  plays  dual  roles  as  follows:  activating  basal  promoter  activ¬ 
ity  in  both  NIH3T3  and  v-Src/3 T3  cells  and  repressing  pro¬ 
moter  activity  in  v-Src/3 T3  cells.  In  addition,  our  overexpres¬ 
sion  experiments  suggest  that  the  increased  Sp3  binding  to  the 
GC-box  in  a  proximal  promoter  in  v-Src/3T3  cells  can  antago¬ 
nize  Spl-mediated  transactivation  in  v-Src/3T3  cells.  Indeed, 
Sp3  seems  able  to  convert  an  apparent  Spl -containing  complex 
into  a  repressor  of  the  a  proximal  promoter  in  v-Src/3T3  but 
not  in  NIH3T3  cells. 

Several  studies  have  demonstrated  post-translational  modi¬ 
fications  to  Spl/Sp3  as  well  as  the  induction  of  several  Spl/Sp3 
partners  in  cancer  cells.  For  example,  the  activation  of  the  ERI< 
MAPK  by  growth  factors  is  known  to  induce  Spl  phosphoryla¬ 
tion,  correlating  with  increased  DNA  binding  activity  (55,  56). 
Other  modifications  such  as  acetylation  occur  in  cancer 
cells, (reviewed  in  Ref.  57),  although  no  specific  modifications 
induced  by  Src  have  been  described  to  date.  Interestingly,  Kuo 
etal.  (58)  showed  that  v-Src  induced  higher  Spl  binding  activity 
to  a  GC-rich  box  in  the  proximal  promoter  of  MMP-2  via  an 
ERK-dependent  pathway,  but  this  correlated  with  induced 
MMP-2  expression. 

In  addition  to  the  GC-box,  our  mutation  assays  indicate  that 
the  E-box  is  also  crucial  for  VSR.  Although  USF1  was  first  iden¬ 
tified  as  a  transcriptional  activator  for  the  adenovirus  late  pro¬ 
moter  (59),  recent  studies  demonstrate  that  USF1  is  also 
involved  in  transcriptional  repression  of  certain  genes  (60  -  62). 
Moreover,  Ge  et  al.  (63)  showed  physical  interaction  between 
USF1  and  Spl,  and  at  low  Spl  concentrations,  Spl  and  USF1 
could  cooperatively  transactivate  the  deoxycytidine  kinase  pro¬ 
moter,  whereas  at  higher  levels  of  Spl,  USF1  helps  form  a 
repressor  complex.  Therefore,  although  v-Src  does  not  alter 
USF1  binding  to  the  E-box  on  the  a  promoter,  it  is  likely  that 
the  enhanced  Spl  binding  to  the  adjacent  GC-box  in  v-Src/3 T3 
cells  converts  the  USF1  from  a  transcriptional  activator  to  a 
repressor.  Interestingly,  we  find  that  the  USF1-Spl-Sp3  com¬ 
plex  seems  more  stable  in  v-Src/3T3  than  in  NIH3T3  cells 
because  an  oligonucleotide  missing  the  proximal  a  promoter 
E-box  (  —  87  to  —47)  can  pull  down  USF1  in  a  GC-box-depend- 
ent  manner  (i.e.  requiring  Spl/Sp3  binding)  in  v-Src /3T3  cells 
only  (Fig.  9 D).  Taken  together,  the  cooperative,  and  possibly 
physical,  interactions  between  USF1  and  Spl  via  binding  to  the 
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juxtaposed  E-  and  GC-boxes  on  the  SSeCKS  a  proximal  pro¬ 
moter  may  represent  a  secondary  mechanism  involved  in  the 
v-Src-mediated  repression  in  addition  to  the  recruitment  of 
HD  AC  co-repressors. 

Several  candidate  co-repressors  are  induced  in  cancer  cells, 
chief  among  them  are  the  various  HDACs,  which  we  show  play 
a  significant  role  in  the  suppression  of  SSeCKS  expression  by 
\-Src.  HDAC  activity  is  reported  to  be  increased  in  some 
tumors  compared  with  normal  tissues,  and  this  increase  has 
been  associated  with  transcriptional  repression  of  tumor  sup¬ 
pressor  genes  (64,  65).  We  found  that  HDAC1  protein  abun¬ 
dance  is  elevated  in  \-Srd3T3  cells  compared  with  nontrans- 
formed  NIH3T3  cells.  Indeed,  Src  can  phosphorylate  HDAC3 
(66),  leading  to  increased  enzymatic  activity.  Hsu  et  al.  (67) 
showed  that  the  HER-2/neu  oncogene  down-regulates  the 
RECK  metastasis-suppressor  gene  by  inducing  higher  binding 
of  an  Spl-HDACl  complex  to  the  RECK  proximal  promoter. 
Vitamin  D3  induces  its  cognate  receptor  to  complex  with  Spl 
and  HDAC1  in  order  to  repress  p455^2  promoter  activity  in 
prostate  cancer  cells  (68).  Increased  Spl  binding  to  and  recruit¬ 
ment  of  HDAC1  to  a  GC-box  in  the  proximal  promoter  of  the 
TGF/3RII  gene  is  required  for  transcriptional  repression  in  pan¬ 
creatic  cancer  (69).  Other  recent  studies  strengthen  the  notion 
that  Spl  can  repress  genes  in  cancer  and  in  untransformed  cells 
by  recruiting  HDACs  (38,  39,  70,  71,  72). 

The  ability  of  Spl  to  recruit  HDAC1  into  gene  repressor 
complexes  correlates  with  our  findings  as  follows:  (i)  TSA,  but 
not  5-aza-C,  derepresses  both  a  and  j3  SSeCKS  transcription; 
(ii)  decreases  binding  of  Ac-H3  and  Ac-H4  to  the  a  promoter  as 
shown  in  ChIP  assays;  (iii)  v-Src/3 T3  cells  have  2-3-fold  higher 
HDAC1  levels  compared  with  NIH3T3;  (iv)  oligonucleotides 
encoding  the  proximal  a  promoter  GC-box  can  pull  down  more 
HDAC1  in  v-Src/3 T3  than  in  NIH3T3  cells;  and  (v)  RNA  inter¬ 
ference-mediated  down-regulation  of  HDAC1  in  v-Src/3T3 
cells  increases  the  steady-state  mRNA  levels  of  both  SSeCKS 
isoforms.  Thus,  v-Src  alters  the  chromatinization  of  the  a 
SSeCKS  promoter  most  likely  by  facilitating  the  formation  of  a 
repressor  complex  containing  USF1,  Spl,  Sp3,  and  HDAC1  that 
binds  to  proximal  promoter  sites. 

In  this  study,  we  identified  ssecks  as  a  cancer-related  gene 
that  can  be  up-regulated  by  the  HDAC  inhibitor,  TSA.  More¬ 
over,  we  found  that  TSA  can  also  reactivate  the  expression  of 
human  ssecks  orthologue,  Gravin,  in  prostate  cancer  cell  lines, 
such  as  LNCaP  and  C4-2  (data  not  shown).  Given  the  major 
focus  on  developing  histone  deacetylase  inhibitors  as  clinical 
treatments  for  cancer  (65),  and  with  growing  evidence  that 
SSeCI<S/Gravin/AI<AP12  plays  roles  in  the  suppression  of 
tumorigenesis  and  metastasis,  it  is  interesting  to  speculate  that 
derepression  of  SSeCKS  might  be  an  important  mechanism  by 
which  the  new  generation  of  more  selective  HDAC  inhibitors 
might  mediate  clinical  cancer  suppression. 
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Supplementary  Fig.  1.  Representative  western  blot  of  the  exogenous  Spl,  Sp3,  PIAS1,  SUMO-1, 
HDAC1  expressed  in  the  transfected  cells  described  in  Figs.  8  and  10.  50  mg  of  cell  lysates  prepared 
from  the  NIH3T3  cells  transfected  with  the  indicated  expression  plasmids  were  immunoblotted  with 
antibodies  specific  for  Flag  tag  (A),  Sp3  (B),  PIAS1  (C),  HA  tag  (D),  and  HDAC1  (E).  GAPDH  is 
shown  as  a  loading  control.  For  the  HDAC1  blot  (E),  only  the  exogenous  HDAC1,  which  has  a  slower 
electrophoretic  mobility  due  to  multiple  nuclear  localization  signals  and  epitope  tags,  is  shown. 


